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Equations for predicting the teoretica stresses and ue±iaa

properties of fiber/metal laminates were derived. 7hese were aplied to

a model high tezierature laminate system based on 8009 aluminum and

glass fiber reinforced U-25 thermoplastic polyimide. The effects of

aluminum surface treatment on bond strength were investigate emical

surface treatments gave superior bond strengxth compared to mectanical

treatments. Adequate bond strength was obtained using siuplified and

enviroentally safe surface preparation tedhiques.

Te tensile yield and ultimate streqth, elastic modulus, fracture

behavior, dynamic mechanical behavior, chemical resistanc, and fatigue

resistance of the laminate were investigated. Most properties were

found to correlate well with the theoretical predictions. 7he laminate

shwed excellent strength retention at t-_.peratures above 200-C.

Fatigue resistance as-processed was found to be cczparable to monolithic

8009. Post-stretching the laminate was shown to increase both fatigue

life and yield strength substantially.

Dynamic mechanical properties were found to be superior to

monolithic 2024 and 8009 aluminum, and marginally better than ARAIL-4,

as well. The relatively high dyamic loss modulus sumgests that the

laminate would be useful for applications involving acoustic fatigue.

Chemical resistance of the laminate was found to be excellent against

most U.S. Navy envircrmunts. The potential u-efulness of future high

t--e-ature laminates was well delnlstrated by this study.
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1.0. BDh M ): iber,/'etal Laminates

Fiber,/metal laminates are a relatively now develcpment which seek

to combine the beneficial properties of metals and fiber-reinforced

cOPPisites. These laminates do not represent a new class of material,

but rather a hybrid material system which can be designed for and

tailored to a particular application in the same way that a component or

structure is designed for its intended application. [I]

The field of hybrid camposites is perhaps the broadest of any

class of materials, erepassing evezythir from plywood and reinforced

ccrete to honeycomb structures. 'Ibis research focuses only on

fiber/metal laminates, which can be defined as a sandwidc of reinforcing

fibers between thin layers of metal. An adhesive matrix is used to bond

the layers together. Ths construction is shown in Figure 1. Several

different fiber/metal laminate systems are currently in production, most

notably ARALL (ARaMid-AUnu Laminate) and GlareR*. The properties

of this and other laminate systems will be described in more detail in a

later section. First, hover, it is beneficial to examine the history

and develoment of laminates.

2.1. Laminate Development. Laminates were developed in the early

1980's by a team of researchers at Delft University in the Netherlards,

primarily to overcome some of the deficiencies inherent in traditional

APXL ARAIL Laminate, AL4, and Glare a all rgistered

tradas of Alcoa; hereafter the symbol is umitted for sriplicity.

2
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aerospace materials. In particular, aircraft skin materials such as

traditional aluminum alloys are very susceptible to fatigue damage. [2-6]

Weight reduction in skins and other fatigue-prone structures is also an

inmortant factor. (5,7,8] urthermore, organic-matrix ccmposites are

limited in such applications by their relatively poor touqmess, damage

tolerarme, and resistance to moisture absorption.[4-6] The Delft team

realized that by combining cat ixis, low-density, fatigue-resistant

fibers and aluminum, these problems could be overcome. This led to the

development of ARALL Laminates.

1.2. APMLL and Other Laminate Systems. •A•IL, which stands for ARamid-

AUIlmnu Laminate, is a registered trademark of Alcoa, who hold the

production rights for this type of fiber/metal laminate. (9] It consists

of alternating layers of aluminum alloy sheet and unidirectional aramid

fibers in an epoxy matrix. Four variants of ARALL are available, as

shown in Table I. Each variant uses a different type of aluminum alloy,

and ARALL-1 and -3 are stretched after curing to yield a more favorable

residual stress distribution (since aluminum has a higher thermal

expansion coefficient than most fiber materials, the aluminum layers are

typically in residual tension cooling, with a residual campressive

stress in the fibers). In addition, ARALL-4 uses a higher temperature

epoxy, allowing higher use temperatures.

Delft has also developed a second type of laminate, called Glare.

This laminate is similar to ARAIL, but it uses glass fibers instead of

aramid. While aramid fibers offer high strength at low density, they

3
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have several drawbacks. For example, they tend to suffer micrbucking

and premature failure when subjected to coupressive loads. [0] In

addition, there is a ccnsiderable bias against the use of aramid or

kevlar in aircraft (and particularly naval aircraft) due to its

relatively high moisture absorption. [11-14] The use of glass fibers

alleviates these shortxmings. Glare, like ARALL, is available in four

variants. Two of these, as shown in Table II, are unidirectional wbile

the other two are cross-plies, having fibers in both the 0 and 90"

directions.

ARAIL and Glare are both currently being produced by Alcoa and

marketed by Structural laminates, an international coupany formed by

Alcoa and Akzo Fibers and Polymers for the purpose of marketing

fiber/metal lamninates. 7he laminates are available in a variety of

different thicknesses; the most common of these is designated 3/2 ply.

Ths denotes three layers of aluminum. (each sheet being 0.012 inch

thick) and two layers of fibers in epoxy (layer thickness about 0.008

inch). Other configurations include 2/1, 4/3, 5/4, and so on.

1.3. Fabrication and Properties. ARALL and Glare laminates are

fabricated using traditional composite techniques. The aluminum layers

are first cleaned, anodized, and primed to pr2mite a strong bonding with

the epoxy. 15-19] Initially, a dcrxminc acid anodizing procedure was

used, but due to the toxicity of the cucpuunds involved, this was later

changed to phosphoric acid. The aluminum and fiber/epoxy layers are

then laid up in the desired configuration, and cured in an autoclave

4
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using the standard cure cycle for the epoxy.

The resulting laminates can be handled and mairned just like

aluin• u sheet, (1,3,16,20-22] with some exceptions. For instance,

shearing a laminate results in an uneven edge with damage to the

aluminum layers near the edge. [20,23] Bend radius in the unidirectional

laminates is very good parallel to the fiber direction, but is limited

by fiber extension perpendicular to the fibers. [20,24-26]

7he medcanical properties of ARALL and Glare Laminates have been

thoroughly characterized by a number of different e. Results

for ARALL can be found in virtually all of the references listed at the

end of this thesis; those for Glare are Published in references 8, 27,

28, 29, and 30. 7he results are too extensive to be included in this

work, except to say that strength and modulus are oumparable to

canventional aluminum (Figure 2), density is lower, and fatigue

resistance under certain conditions is several orders of magnitude

better (Figure 3). The reasons for the excellent fatigue resistance

will be discussed in more detail in a subsequent section.

1.4. applications for APMLL and Glare.

ARALL was originally intended for use in fatigue-loaded wing and

fuselage skins in civil aircraft.[l,2,7, 1 6 , 17 ,2 1 , 3 1 - 3 4 ] Its first

application (Figure 4) was in Fokker P27 lower wing skin

panels,[5,9,16,18,21,31,34-37] and subsequently for fuselage crack

stoPPers in the Airbis A320.[ 5 , 1 6 , 2 1 ] APAUL is also to be used for

lower wing panels and fuselage crack stoppers in the Fokker F50 and

5
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F100[ 9 , 3 8 ' 39 ], in the deHavilland Canada 1-C-8,( 3 9 , 4 01 and in floor

panels for the oeing 777. [41] gwefirst major military alicaticn for

ARAIL is in the Douglas C-17. A number of major C-17 ccmpcants were

identified as potential ARAL.L applications,'[5, 2 6 , 3 4 ,3 9 , 42 ,4 3 ] the first

being the rear cargo door, which was first flown in May, 1992. [44]

Other military applications being studied include various fatigue-prone

cIuMponents in the A-7, A-10, F-5, F-1ll, and C-130.[ 2 6 , 39 , 4 5 ]

Glare laminates are intended for use in fuselage skin

panelS,[8,30] where their superior fatigue resistance and damage

tolerance will allow the use of unstiffened fuselage structures, thus

allowing a substantial decrease in weigtit. [44-50]

1.5. Drawbacks of ARALL and GLAR. A major drawback of both ARALL and

Glare Laminates is the limited range of use temperatures. While ARALL-

4, the high-temperature version of ARALL, has demonstrated excellent

mechanical properties down to -54°C, it is limited by both its 2024

aluminum and its AF-191 epoxy adhesive to an upper use temperature of

about 150°C.[51,52] ARALL and Glare, therefore, can only be used in

applications where conventional aluminum alloys or composites are used.

This restriction becomes very significant in military aircraft

applications, where, due to taeperature requirements, fatigue- and

stiffness-critical strU0tUres are often made from titanium. The use of

high-temperature laminates in such cczponents could yield substantial

weight savings. Other problems with ARALL, namely fiber micrcbuckling

in compression and moisture absorption, have already been mentioned.

6
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2.0. 17 flTU

2.1. Fabriation of Laminates.

In order for a laminate to adcieve its full range of properties,

the layers must be joined together in a precisely controllable manner.

Muile just the right bond strength can yield desirable properties, an

iqzqroer or varying bond strezrith can seriously degrade those

proerties.

2.2.1. Adhesion. Adhesion between tw surfaces arises from short-range

attractive forces between atoms in each surface (53]. Atcmically rough

surfaces, such as those shown in Figure 5a, have a relatively small

fraction of their surfaces in contact. Adhesion forces in this case are

small, and relatively little normal force is required to separate them.

If the surfaces are sufficiently rough, mechanical interlockirn can

become a factor, especially when shear and normal forces are both

applied (Figure 5b). Atcuically smooth surfaces, on the other hand,

have a mich larger fraction of contact area (Figure 6). As this

fraction approadhes unity, the adhesion strength between the two

surfaces approaches the tensile stmngth of the solid.[ 5 3 ]

This situation becomes more couplicated when fiber/metal laminates

are considered. It now becomes a case of a viscoelastic fluid (the

polymer adhesive) in contact with an atomically rough solid (the metal).

In this case, the strength of the bard formed depends upon both the

degree to which the polymer wets the metal surface (which is related to
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the surface energies of the polymer and mtal), [541 and the ability of

the polymer to conform to the rough surface, displacing trapped air and

con tamints. With a clean, atcmically smooth metal surface and under

vacuum, the degree of wetting is the only important factor (Figure 7a).

Hfmwver, to cbtair an atomically smooth surface would inflate the cost

of the laminate to the point of uselessness. nTerefore, one must

contend with a rough surface, and with the inevitable incumplete contact

(Figure 7b).

There are a number of ways by which wetting of the metal by the

polymer can be improved. These include the folloding:

1) Clean the surfaces of the metal and polymer as well as

possible, and process the laminate in vacuo to minimize surface

contamination.

2) Use a polymer with a lower viscosity at the desired processing

temperature, or inrease the processing temperature (or pressure) to

lwer (or overcome) the polymer's viscosity.

3) Use a polymer with a lower surface energy or which wets the

metal better. [53,54]

4) Reduce surface roughness as mudi as possible.

5) Use a coating on the metal which bonds well to both the metal

and the polymer, such as a primer.

6) Pretreat the outer surface of the polymer in which the fibers

are imbedded to make it more dchmically active.

Of these possibilities, (2) and (3) may not be practical, due to

the limited choice of polymer and metal systems suited to the desired
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laminate's properties, or to material or equipment limitatios. Option

(4) is probably also inpractical, since it is unlikely that such large

surface areas could cost-effectively be polished to the required level

of smoothness. Options (1) ,(5), and (6) are used currently in the

production of ARALL and Glare Laminates, and have been shown to inprove

bording. (15-19]

2.1.2. Timina Surface Preparatio. The aluminum sheet usually used in

laminates is typically degreased and cleaned, and then deoxidized to

remove the existing oxide layer. The surfaces of the polymer prepreg

may also be dcemically etched to remove the surface layer of impurities

and increase the chemical reactivity of the surfaces.

In addition to these steps, the aluminum layers are normally

anodized as well. This involves the immersion of the sheet in an acid

bath while an electric current is passed thracuh the bath with the

aluminum sheet as the anode. Anodizing causes a thick, porous, stronly

adhering oxide layer to form on the aluminum. [55] While this would

seen to be detrimental to the formation of a strong metal/polymer bond,

in that it greatly increases surface ra-#mess, it in fact greatly

sthe bond. The rough surface provides an excellent source of

mechanical interlocking between metal and polymer, thus greatly

increasing the macroscopic bond strength. [ 54

Similarly, mechanical roughming of the metal surface, such as by

grit blasting or sanding, would be expected to increase overall bond

strength as compared to an unrcughened (but still atomically rough)

9
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surface. C54 Both anodizing and various medianical surface treatments

have been found to improve boamling between metals and polymers. (55-58]

Following the anodizing or rcu4gening procedure, a primer or

a&esive may be applied to the metal surface to further impro.e bonding.

Since primers are typically low-viscosity liquids, they can be applied

easily and can achieve intimate contact with the metal surface. Upon

curing, the primer becmes mechanically strong, and provides a surface

to which the polymer can bcod dchmically.

2.1.3. lay-up and Processing. Following the preparation of the metal

and polymer surfaces, the layers are stacked or laid up as with

traditional cCmposites. Care must be taken not to contaminate the

bonding surfaces durt,; this process, or else the quality of the bond

will be degraded. Processing of the laminate can be performed in either

a laminating press or an autoclave, depending on the size of the panel

to be fabricated and the sensitivity of the material system to

processing conditions.

If an autoclave process is used, the laminate lay-ups must be

assembled on the autoclave table and 'bagged" using various polymer

sheets and blanket materials. Mhe bag is sealed with sealant strips to

allow a vacuum to be maintained on the laminate lay-ups while external

gas pressure is applied. The ccmbinaticn of internal vacuum and

external pressure insures that air or gas will not be trapped in the

laminate, and that the pressure applied to the lay-ups is uniformly

distributed. The autoclave also allows the use of an inert atmspher
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to protect the materials from oxidation if high processing

are required. However, autocave processing requires large, expensive

egUiPment, and coanmrs a great deal of time, bagging material,

pressurizing gas, and cooling water, and is therefore a complicated and

expensive technique.

A laminating press is much less complicated. The lamate lay-up

is placed between two heated platens, which are then closed and pressure

applied hydraulically. This technique is not only much simpler than

autoclaving, but is much less costly and time corsummg. In addition,

it allows the utilization of much higher pressures than are possible

with an autoclave, which are typically limited to 200 or 250 psi. The

disadvantages include difficulty in evacuating the laminate lay-up of

air and gases, the need to fabricate the laminate panels one or two at a

time (unless an unusually large press is available), and the fact that

the degree of control available may be insufficient to follow the

polymer supplier's zOmiended pressure/temperature cycle.

2.1.4. Residual Stress. The curing or laminating process takes place

at an elevated temperature. At some point during post-cure cooling, the

polymer will become stiff or glassy. If a thermosetting polymer is

used, such as an epoxy, it will become stiff upCn curing. If a

thermoplastic is used, it will become glassy below its glass transition

temperature, Tg. Once this occurs, the fibers imbeddiad in the polymer

and the metal layers are bonded rigidly together. Therefore, as the

laminate continues to cool, the different coefficients of thermal
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expansion (CTEs) of the fibers and metal will result in residual

stresses in both fibers and metal layers in the fiber direction. [59,60]

Since I-st fiber materials have a lower CTe than -most metals, [61]

the residual stresses are usually compressive in the fibers and tensile

in the metal layers. The latter is very undesirable, as it serves to

lower the effective yield strength and decrease the fatigue resistance

of the laminate. nhese effects will be discussed in greater detail in

section 2.2.

Residual stress can be calculated based on the CTEs of the

ccuponents and the assuqption that the fibers and metal layers are

rigidly bonded by the polymer matrix,' with no matrix shear. The

equations for residual stress ares. in the metal and fibers, therefore,

are as follows: [62,63]

Ores.m =A e [EmEfVf/(EmVm + EfVf)] (1)

fres.f -= e (EfE[mv/(E.vm + EfVf)J (2)

where m and f stand for metal and fibers respectively, E is the elastic

modulus, and V is the volume fraction of each ccmponent in the laminate.

The contribution of the polymer matrix can be neglected in such

calculations, as its contribution is generally very small cumpared to

that of the other ccmponents, except for its ability to ac modate part

of the residual stress through shear deformation. (63] The factor Ae is

the difference in thermal strain between the fibers and matrix if they

were not bonded together: [59,60]

Ae = VT - afAT (3)

where a is the CTE of the metal Or fibers and AT is the difference
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between the cure te.•-ature (for a thermset) or Tg (for a

ther~1asic) and the testing taxerature.

Note that the denaator in eqaticrs (1) and (2), EmVm + EfVf,

is equal to the rmanal modulus of the laminate, hereafter dnoted by EL

(see Equaticn (14), Section 2.2.2). Also notice that the ratio

res.m/a /res.f = EfVfEmEfVm = -vf/Vm, (4)

which is irdependent of the moduli of the metal and fibers due to the

mutual constraining effect of the rigid bond between them. Note that

these and all subsequent equations refer to properties in the

longitudinal (fiber) direction only; the transverse properties are

dominated by the metal layers, and are only affected by the lcngitUdinal

fibers through poisson effects.

2.1.5. Post-Prooessing Treatmts. As noted above, it is undesirable

to have a residual tensile stress in the metal layers. One post-

Processing treatment which has been used with ARALL and Glare laminates

to overcome this problem is post-stretchiig.[64] This involves

introducing a small (0.4 or 0.5 %) permanent plastic strain into the

laminate panel, which reverses the residual stress state in the laminate

because the metal deforms plastically while the fibers only deform in an

elastic manner. MIus the metal layers now contain a residual

VImpressive stress, which can greatly iqprove yield strength and fatigue

resistance. Mwe latter has been d----Itrated through ccuparisons of the

fatigue behavior of stretched and stretched versions of ARAIL and

Glare. (24]
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Other post-processirg treatments can be used on laminates as well,

such as various forming processes and post-cring. Formability of

laminates, as mentioned previously, is typically good in the transverse

direction, but is very limited in the fiber direction in part by the

inability of epoxy matrices to shear to allow relative motion between

the fibers and the metal layers. Post-curing involves reheating the

laminate to allow further chemical or physical changes to occur in the

polymer.

2.2. Properties of Laminates.

Most laminate systems currently available or envisioned utilize

unidirectional fibers for reinforcent. As a result, the properties of

these laminates are directional. 7he degree of anisotropy is much less

than in Muidi-ectional composites, however, due to the contribution of

the aluminum layers to the transverse properties. Most of the

proPerties described in the following sections refer to those in the

longitudinal direction since, as mentioned before, the transverse

properties are dominated by the metal layers.

2.2.1. Strength. Iamiates ccntain a ductile cucponent, the metal, and

"a brittle (i.e. non-yielding) cmponnt, the fibers. If the fibers have

"a sufficiently high failure strain, the laminate will undergo yielding

when the yield point of the metal is reached, followed by a second stage

of elastic deformation as the fibers continue to elongate. 7his

behavior can be seen in Figure 8, which shows a typical stress-strain
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plot for ARAU-4. In most laminates, failure is expected to ocw upon

fiber failure, as opposed to failure of the metal layers, since the

elcngation-to-failure of the metal is usually the greater.

7he strength of laminates, like that of traditional crzposites,

can be predicted by a rule of mixtures (ra) approach. [62,63] In its

sisplest form, the RaM equation for yield strength, CyL, is:

ayL = (aym - ares.m) vm + o*fvf (5)

4re aym is the yield strength of the metal, ares.m is the residual

stress in the metal layers after processing, Vm is the volume fraction

of metal in the laminate, a*f is the stress octribution of the fibers

at the laminate's yield point, andr Vf is'the volume fraction of fibers.

Since

a*f = (Of - ares.f), (6)

where of is the true fiber stress at the laminate yield point, and since

the fibers and the metal layers are assumed to be bonded rigidly

together, it can easily be shown that

a*f = (aym - ares.m) (Er/Em) (7)

where Efand Eý are the elastic moduli of fibers and metal, respectively.

Notice that, as stated previously, the residual tensile stress in the

r•Uld layers reduces the yield strength of the laminate. The residual

stress in the fibers affects the yield strength of the laminate only

indbrectly, in that it is associated with the residual tension in the

metal. The ultimate tensile strength auL can be predicted in a similar

manner: [62,63]

auL = (aym - ae.m) Vm + (%a - y .rf) Vf (8)

15



NAWCADWAR-93079-60

7he yield strength of the metal is still used in this equation because

the metal is assumed to ehiibit ideal elastic-plastic behavior.

Note that the residual ccupressive stress in the fibers

(remmering that in these equations tension is positive and compression

negative) counteracts the residual tension in the metal. In fact, if

Equation (4) is substituted into Equation (8), the residual stress terms

cancel out, leaving:

VuL = aym,, + aufVf (9)

It is advantageous that the residual stress terms in Equation (8)

cancel out, because o-ce yielding occurs in the metal layers, the

original residual stress calculations are no longer valid. The initial

residual cumpression in the fibers does, however, increase the failure

strain of the laminate if laminate failure is controlled by the failure

of the fibers. Conversely, if laminate failure is controlled by

fracturing of the metal layers, the residual tension in the metal will

slightly decrease the failure strain.

It can also be seen that post-stretchirv a laminate will increase

its yield strength and fatigue resistance, but will not affect its

tensile strength, and will decrease its elongation at failure.

Finally, it can be seen fram the above that from a known nominal

stress aL, the stress in either the metal layers or the fibers can be

calculated using the general equation

OT = (am - Ores.m) Vm + (7f - ce.f) Vf. (10)

By assmwng strain is equal in all layers as in Equation (7) it can be

shown that
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(am - res•m)/m = (af - aC .f)/Ef (U)

Thus the stress in the metal layers is

an = 2res.m + 0 L / [Vm+(E;/E)Vf] (12)

and that in the fibers is

af = ae.f + aL/ [Vf+(LIý )Vmi (13)

2.2.2. Modulus. Like strength, the elastic modulus of a laminate, EL,

can be predicted by the M4 tecmnique. Me modulus in the first segment

in Figure 8, where both the metal and the fibers are deforming

elastically, is

EL = EmVm + EfVf. (14)

If a laminate is required to have a modulus equal to or greater than

that of the metal ccmponent, then the ratio of the moduli of the

amponents must be

Ef/Em _ (I-Vm)/Vf (15)

ThUS if the metal volume fraction is 60% and the fiber loading in the

polymer/fiber layer is 50%, then the fiber's modulus must be (1-

0.60)/0.15 or at least 2.67 ti that of the metal, otherwise the

modulus of the laminate will be less than that of the metal used in the

laminate.

In the second segment in Figure 8, where the metal is deforming

plastically and the fibers are deforming elastically, the modulus is

given by the equaticn

ýL = EfVf. (16)
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Again, this assumes that the load carried by the aluminm layers during

plastic deformation is constant.

2.2.3. Density. The density of laminates is also detemined by RaK.

When predicting strength or modulus, the contribution of the polymer

matrix is generally neglected because its contribution is negligible

ocupared to those of the fibers and the metal layers. This is not the

case for the density, of course, where the contribution of the polymer

is quite significant. Thus the macroscopic density rL of a laminate is:

rL = rmvm + rfvf + rvp (17)

Since in most potential laminate systems; the fibers and especially the

polymer matrix are significantly less dense than the metal layers, the

density of the laminate, i.e. the weight of a sheet of fixed thickness,

is less than for the monolithic metal. This is a major advantage of

laminates, especially when it is considered that the strength in the

fiber direction is generally ccmparable to that of the metal, and

fatigue resistance can be greatly enhanced. The concept of specific

prperties, the numerical value of a property divided by the density of

the material, is very iqpotant in evaluating the properties of

laminates, since weight is a universal concern in every aircraft design.

2.2.4. Fatigue. The property for which laminates are best kncm is

their fatigue resistance. As was mentioned previously, the APALL family

of laminates was developed specifically for this property. In

monolithic metals, fatigue occurs in three stages: initiation of a
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fatigue crack, stable crack prcpagaticn, and failure (unstable crack

propagation). [65,66] The duration of the initiation stage is very

difficult to predict at any stress level, as there is a large amount of

statistical scatter. In general, however, it can be said that the

initiation life decreases with both increasing stress and increasinq

surface or edge r.[66] Mus at low stress, initiation of a

crack takes longer, and the fatigue life of the specimen is dominated by

this stage.

At a low enough stress, initiation may not occur at all within a

reasonable numiber of cycles, say 107 cycles. It can then be said that

the material does not suffer fatigue damage at that stress level, i.e.

it has unlimited fatigue life at that stress. By reducing the

specimen's surface roughness by polishing, this stress, the fatigue

limit, can be increased substantially. Surface roughness represents

countless tiny stress concentrations, as well as potential pre-initiated

cracks, so it is no surprise that it has a strong influence on fatigue.

In metals, once a crack of viable size (i.e. beyond the "short

crack" regime) has formed, failure of the specimen is inevitable if the

load or stress level remains fixed. For a flat specimen, the stress

"conentration AK at the tip of an edge crack of length a is usually of

the form: [66]

AK = Y~47a (18)

where Y is a geumetrical factor. For.metals, the rate of crack growth,

da/dN, always increases with increasing AK (as shwn in Figure 9).

Therefore, as the crack grows, AK increases, and so the crack grows at
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an increasing rate until failure c,=m.

eatal/fiber laminates can be designed to resist both the

initiation and the propagation of fatigue cracks. Resistanc to crack

initiatioi can be built into the laminate in two ways. Mw first is to

use a high modulus fiber and a high volume fractian of fibers. prom

Epat (10) through (13), it can be seen that as either Ef or Vf

inreases, more of the load on the laminate is supported by the fibers

and less by the metal layers. With sufficiently high values of Ef and

Vf, the stress in the metal layers becomes less than the ncmiinal stress

on the laminate, thus increasing the apparent resistance of the laminate

to crack initiation as cowpared to the monolithic metal.

The second means of increasing the laminate's resistance to

initiation, also apparent from Equations (10) through (13), is to post-

stretch the laminate to leave the metal layers in residual cmipressicn.

Again, this results in a lower true stress in the metal for a given

laminate stress than without post-stretc1iing.

Designing a laminate to resist the growth of fatigue cracks which

have already initiated is a more complicated task. Mhen a crack

develops in one of the metal layers, that layer experiences a decrease

in stiffness. As a result, some of the load initially supported by that

layer is transferred to the adjacent fibers, which retain their original

stiffness (Figure 10). Thus the iaximum stress in the metal is reduced.

If the crack continues to grow, more of the metal layer's load is taken

up by the fibers, fmther reducing the stress in the metal. Ths

process is krxno as load shedding, and the fibers are said to bridge the

20



NAWCADWAR-93079-60

advancing crack . his ourmpt is used to advantage in a wide variety

of ccqpsite systums, including 3 cmventicnal ites and taswmd

ceam-ics.[66]

If the laminate can be designed so that the rate of reduction of

the stress in the metal due to load shedding is greater than the rate of

increase in /a, then the maximum stress oarcentration factor Kmax (and

also AK) will decrease as the crack grows. As a result of the decrease

in AK, the crack gruowth rate da/dN will decrease with increasing crack

length. Tu the crack will grow at an ever-decreasing rate, and will

eventually cease graowing at all. [19,31,42] This is called crack arrest,

and for obvious reasons it is a highly desirable condition in any load-

bearing material or structure. This behavior can be seen in Figure U,

which shows a plot of da/dN for ARAIL versus the stress intensity range

AK applied to the laminate (which of course differs from the AK

experienced by the metal layers).

The effectiveness of the load shedding/crack bridging mechanism

depends strongly on the strength of the fiber/metal bard formed by the

polymer matrix . In general, a strong bond is desirable. Dolaminaticn

is known to occur in composites and laminates during fatigue crack

growth. [67-73 In the case of laminates, prior to crack initiation the

instantaneous stresses in the different layers are given by Equations

(12) and (13). There is a Mode II shear stress in the polymer layer

between the fibers and metal due to the different stresses in the latter

two. Men a crack forms in the metal, the magnitrude of this shear

stress increases as load is shed from the metal to the adjacent
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fibers. [68,69) The increased cyclic shear stress causes delamination to

occur in the polymer layer. The am!mt of amination whi ocours,

and thus the fatigue resistanc of the laminate, depends on the bcrd

strerngt- at both the fiber/polymer and the metal/polymer

interfaces [71,73]

A strong b1"d results in only a small amount of delamination, as

shown in Figure 12a. With such a small length of d•ed fiber, a

higher fiber stress will result in only a very small amount of stretch

in the debonded section of the fiber. This coxrrecrds to a very small

amount of crack opening in the adjacent metal layer. Thus the load

seding process is very efficient, the growth rate of the crack drops

off quickly, and crack arrest is achieved at a relatively small crack

length.

A weak fiber/metal bond, on the other hand, results in a larger

area of delamination (Figure 12b). The greater length of debcred fiber

can stretch much more for a given stress increase than in the previous

case, and this greater stretch translates to more crack opening in the

adjacent metal layer. Thus the metal load is shed inefficiently onto

the fibers, and crack growth rates may either increase with crack length

or decrease too slowly to arrest the crack before the metal layers fail.

The fiber layers would still be intact ard able to carry axial loads, so

even this situation is better than in a monolithic metal, but clearly

for good fatigue resistance a strong bond is desirable.

The bcnd shdld not be too strong, though, otherwise no

delamination will occur during crack formation. If this is the case,
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the fibers adjacent to the crack will experience an untlunted stress

ccu-c tration frzm the crack tip, and fiber failure dte to overloading

may omr as the crack advances týrh the metal (Figure 13). Although

this situaticn rqresets very efficient load shedding, the fibers are

unable to bridge the advancing crack, and little benefit is gained.

Therefore a wmall- but not excessive- amount of delamination is

desirable.

Additional resistance to crack growth arises fram the fact that

the laminate is a layered structure, whidc prevents cracks whidc

initiate in one layer frum growing through the whole laminate (Figure

14).[66] Because of this crack divider ar-ramnert, cracks nist

initiate irdependently in each layer- and in the case of the fiber

layers, in each fiber. This further slows the growth of cracks.

In summary, in order to exploit the potential fatigue resistant

properties of laminates, one should: (1) Use a high volume fraction of

a high-modulus fiber; (2) Post-stretch the laminate to obtain a

residual cumpressive stress in the metal layers; and (3) insure that the

polymer/metal bond is strong, but not too strong.

2.2.5. Touhjness. The toughness of a material is usually determined by

calculating the energy absorbed by a Charpy or Izod specimen during an

impact of fixed initial energy. This is impractical with a laminate due

to their typically small thickness; hower, the energy required to

fracture a tensile specimen can give a good indication of the material's

tcughness. 7his enexgy can be estimated by determining the area under
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the tensile stress-strain curve. It can be readily seen that if a

material is able to deform to a large degree, the energy required for

fracture- and thus the tohness of the material- will be high. For

laminates with a stress-strain curve like that in Figure 8, it can be

shown that the energy absorbed during deformation up to the point of

failure, Gd, is

Gd =ay2/2E+ (aý2 _ aU2)/2E.L' (19)

where ay and au are the yield and ultimate strengths of the laminate.

7he derivative of this with respect to ay is

d(Gd)/d(ay) = 0/EL - ay/EL'I (20)

and since EL > EL', it can be seen that incmeasing the yield strength of

the laminate by post-stretching decreases the energy required to deform

the laminate to failure. This is as expected, since the post-stretch

represents an irreversible addition of strain energy toward eventual

failure.

At the point of failure, the elastic enercy stored in the metal

and fibers is released. Neglecting the effects of necking in the metal,

this elastic energy Ge is given by

Ge = Vfauf22Ef + Vma.2/ 2 Em (21)

vthe auf and al are the ultimate strength of the fibers and the metal.

rIbis Value is constant regardless of residual stress state, and most

laminates tend to delaminate extensively upon tensile failure as a

result of the elastic energy released anyway. [28)

2.2.6. npct Tolerance. A material's ability to withstand impact
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loading is determine by the material's toughness and its ability to

resist fast crack propagation. • portance of the latter is

dIm-Mstrated by many materials which possess good toughness and ductile

behavior at low strain rates (e.g. during tensile testing), but poor

trughness and brittle fracture during high strain rate impact tests.

Metals deform at low strain rates by dislocation motion. However, at

higher strain rates, the time available for dislocations to move and

reduce the stress intensity at the crack tip becomes less. At

sufficiently high strain rates, therefore, the material will display

brittle behavior, and impact resistance will be very lw.

Lipact resistance in composite materials is enhanced by the

presence of interfaces. In metal-matrix composites, there are

particle/matrix or fiber/matrix interfaces. In organic composites and

fiber/metal laminates, there are both fiber/matrix interfaces and

interlaminar interfaces. As in fatigue crack propagation, when an

advancing crack due to an impact encounters an interface which is weak

relative to the ccuponent materials, delamination ocurs at the

interface. The creation of internal surface area absorbs some of the

crack's energy, as well as blunting the crack tip. Thus an impact which

might propagate to failure in a monolithic metal can be absorbed by a

laminate, and still leave the fibers intact to bridge any through-

component of the crack.

The impact resistance of ARALL laminates has been studied, and has

been found to be very good. [3,5,16-18,24,27,32,36,74-76] Residual

strength after impact has also been shown to be superior to monolithic
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metals. Delamination in the aramid/epoxy layers distri the impact

over a larger area in each s •cessive aluminum layer. Thicker versions

of AMLL, containing many layers of aluminum and aramid/epoxy, are being

develcped for use as ballistic armor. [5]

A major issue which muist be considered along with impact tolerance

is the ,npetaiity and repai~rability of impact damage. In metals,

impact damage may take the form of cracks, dents, or holes. These are

easily identified in most cases, and the damage generally does not go

far beyond the visible limits of the feature. In composites, on the

other band, an impact may cause same initial deformation of the surface,

but the surface often returns to its normal appearance after the impact.

Thus the panel or ccmponent may look undamaged, yet may contain serious

damage in the form of delamination, matrix cracking, and fiber breakage.

The extent, and often the very existence, of sudc damage can only be

ascertained by using ultrasonic or X-ray scannig techniques, which

necessitates the removal of the part from the aircraft.

It is highly desirble from cost, time, safety, and s rtability

standpoints to be able to assess impact damage visually in the field.

FUrthermore, it should be possible to cut out the damaged area and

repair it with some sort of patch so that the aircraft can resume its

mission as quickly as possible. While this is a simple proce&de with

metals, field repair of cumposites remains difficult despite the

enom•sm cost and effort applied toward this goal. Inspectability and

rility of impact-damaged composites remains one of the strongest

arguments against their use in aircraft structures, despite their great
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potential for weight redution.

Laminates are frequently cWxd med along with traditional

ccupoites when the question of iupact damage arises. Hcmeer, there is

little question that laminates are vastly superior to composites in both

the Ipca lity and repairability of iiipact damage. Any lupact whichi

might cause internal damage in a laminate is also certain to leave a

dent, hole, or crack in the surface metal layer which is as easy to

locate visually as it would be in a monolithic metal. 7here would be

some delamination beneath the surface which would extend beycnd the

visible damage, but this damage has been shcwn to be of relatively small

size and regular shape. (75]

Furthermore, a laminate part can be patched in the same way as a

metal part, and in fact riveted repairs in ARALL have been found to be

strcnger than those in conventional aluminum. [50] If the delaminated

section is not completely removed in the repair, there is a small loss

in stiffness, but strength is essentially unaffected due to the

contribition of the metal layers to the integrity of the part.

2.2.7. Dynamic Properties. Traditional non-polymeric materials are

dcaracterized primarily by linear elastic or elastic-plastic behavior.

Ideally, linear elastic properties inply a number of different types of

behavior, including the follwing: [77] (1) Strain is proportional to

stress, the ratio a/c being equal to the elastic modulus E; (2) the

stress-strain relationship is independent of time; and (3) the stress

response to an applied cyclic strain is perfectly in phase with the
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cyclic strain. This last property, shown schematically in Figure 15a,

=aaj that any sort of pressure waves, such as sound waves or

mrically ced vibrations, are transmitted thbroug the material

with essentially no loss of energy. Ths can be a source of nmrou

prblems in aircraft, where engine noise and vibration can cause fatigue

cracking in any of a nuter of structural ocponents. In addition,

engine noise is a major source of crew and passenger fatigue and

envircrnental damage in both civil and military aircraft.

Nan-crystalline polymeric materials, on the other band, are

dharacterized by viscoelastic behavior. s mevans that they display a

corbination of elastic and viscous cilarat±eristics. his includes the

following properties: [77] (1) strain and stress are not directly

related, but rather are approximately related by the so-called "threL-

parameter solid" relationsLihip: (77]

oI/ + (da/dt)/E = Ee/g + (de/dt) (1+E2/E); (22)

(2) the stress-strain relationship is highly time-dependent (as is

apparent from the above equation); and (3) The stress response to a

cyclic strain (or vice-versa) is out of phase with the strain.

This last item is shown schematically in Figure 15b. The amount

of the Phase shift, 6, depends on a number of factors, including the

material, degree of crosslinking or crystallinity, teprature, and the

frequency of the cyclic stress or strain. The hase-shifted stress-

strain relationship response is described mathematically by a couplex

ndulus, where the real (in-phase or elastic) conponent is called the

storage modulus, and the imaginary (out of Ohase, viscous) cxone-nt is
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called the lass modulus. The ratio of the loss to the storage modulus

is eq.al to tan 6.

A purely viscous respoe results in complete absorption of strain

en•zgy, while as mentioned previously, a purely elastic respoe results

in zero energy absorption. Tan6 represents the amount of viscous

character which the material possesses. The value of tan6 under any

particutlar (�ditions is therefore directly related to the material's

ability to absorb vibrational or elastic strain energy. For this

reason, non-crystalline polymers have better sound- and vibration-

attenuating properties than metals or other crystalline materials.

Unfortunately, they suffer from low strength, modulus, and chemical and

erosion resistance compared with other materials.

By incorporating a polymer into a fiber/metal laminate, a degree

of viscous behavior is introduced into the laminate as well. Mbs is

the source of ARAIL's favorable damping qualities.[ 3 ,17,18, 2 2 , 2 4 , 3 2 , 74 ,

76,78] In addition, any high temperature laminates which utilize a no-

crystalline polymer matrix would be expected to have better damping

characteristics than monolithic metals. 7he degree of damping which is

possible, and the range of service corditions for which it exists, will

determine the sort of applications for which the laminate might be

useful.

2.2.8. Themal Resistance. lhe thermal properties of a material

include several factors which are critical in aircraft design. One of

these is burn-through resistance, which is the resistance of the
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material to penetration by an impinging flame of known characteristics.

2us property is one of the critical considerations in the design of

aircraft firewalls and other engine-bay conmegnts. The firewall is

required to withstand a flame of a certain temperature for a certain

length of time, to insure that if an engine should explode or catch

fire, the other engine or surroutrirq strUctUres will not be damaged by

excessive heat before the fire can be extinguished or before an

emrgency landing can be made. The better the material's resistance to

bnm thrcR3i is, the thinner and lighter it can be for the same task.

At some level of thinness, stress would become the critical property

rather than burn-thrugh resistance.

Laminates such as ARAIL have been shown to possess excellent burn-

throngh resistance. [9,74] wn exposed to a high temperature flame, the

cuter layer of aluminum melts away relatively quickly, but the

Wterlying polymer and fibers absorb a great deal of thermal energy by

charring. In fact, in 3/2 ply ARAIL so xuch energy is absorbed in this

process that the damage is confined to the top layer of aluminum and the

first aramid/epoxy layer even after monolithic aluminum of the same

thickness as the ARALL has suffered ocmplete burn-thrazqh.

Another iportant thermal property is lightning-strike resistanc.

The thickness of the lower wing skins on most aircraft is dictated by

the magnitude of the tensile fatigue stresses to which they are

subjected. Hwever, in many aircraft the thickness of the upper wing

skins is dictated not by stress, but by lightning strike resistance.

Since the wings usually serve as fuel tanks, the skin must be thick
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enough that a lightning strike will not penetrate it and ignite the fuel

inside. As a result, the uqier wing skins are often substantially

thicker than they need to be based on the stresses on them. Clearly,

weight savings cold be adcieved by using a material with ioproved

lightning strike resistance.

7he lightning strike resistance of ARALL has been found to be

excellent compared to that of monolithic aluminum.[9,16,18,24,32,74,76]

As with burn-thrah, damage is confined to the after layers of the

laminate by both diarring of the fibers aud eoxy, and dhe to the

thermal and electrical insulation provided by the aramid/epoxy layers.

A third iqortant thermal prperty• is the ma nt, or re

specifically, the ability of a material to transport heat in the desired

marnmr. In combat aircraft, for instance, it is undesirable for the

outside of the aircraft to get hot thralgh cmdction of engine heat; to

do so would make the aircraft an easier target for heat-seeking

missiles. Coversely, there are mmercus internal parts in aircraft

which must be protected from outside heat or cold, such as avionics,

larding gear, or passengers. In either case, a material with low

thermal corductivity across its thickbess would be beneficial. lhe

polymer layers in laminates provide such a thermal barrier.

Furtherumre, by using a thermally ucxtive fiber in the side which is

exposed to heating, heat from a cocentrated s=cea could be distributed

efficiently over a large area.
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2.2.9. Zwiroummatal Resistamoe. In most material applications, the

material's resistance to attack frum or degradation due to the

envimonmnt in whicd it works is a major oncern. Depending on the

application and the material, environmental attack can take many

different forms. Certain materials are susceptible to certain forms of

attack, but not to others, as is denstrated by the partial list in

Table III.

The environmental factors which will affect composite materials,

including laminates, depends on (1) the environment, (2) the materials

used in the c ite, and (3) how the cctcpnent materials are arranged

in the ccmposite. By careful selecticn of both materials and

configuration, a composite whidc is most suited to its intended

envirxment can be designed.

Laminates were designed primarily with mechanical properties in

mind, particularly fatigue resistance and strength. However, when

compared to organic composites, their configuration is also beneficial

in terms of envirmmtal resistance. Aside from their contribution to

the mechanical properties previously described, the outer layers of

metal serve to protect the underlying fibers and polymer from most of

the envIOnmental effects which would otherwise occur. Mhey act as a

barrier to moisture, solvents, oxygen, and ultraviolet radiation; they

also protect the softer components from erosion by airborne particles

and hot gases.

For the -1st part, therefore, the enviror•ental resistance of

laminates is similar to that of the metal used in the laminate. 7he
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major difference occurs at the edges of .he laminates, where the

polymIr/fiber layers are exposed. The edges are the only mean by Qidc

moisture and solvents can enter the laminate, aside from cracks or holes

in the metal layers theselves. moisture or solvents can diffuse irward

ehrowh the edges, where their min effect is to corrode or weaken

fiber/polymer and polymer/metal interfaces.[II-15,67,70,79] 7 can

have a detrimental effect on the stiffness, fatigue resistance, and

other properties of the laminate. Mie rate of moisture or solvent

absorption is very small ceipared to that in cmventional couposites,

hcwwer, because the area available for entry is very muc smaller in

laminates.

EnvDirormnta attack at the edges can be reduced by sealing them

with some sort of material whidc acts as a moisture and chemical

barrier, such as silicane-based sealants. This technique has been shown

to reduce the weakening of aluminum/epoxy interfaces in ARAii4. (80]

2.3. HighT uipe-ature Lainates.

7he currently available fiber/metal laminate systems, ARALL and

Glare, are limited to use teqperatures of 250-3000F. Tenperature limits

in laminates are based on two factors: the te-perature capabilities of

its ccqpcnenzts and residual stresses. In ARAML and Glare, the limit is

based On the upper use temperatures for the aluminum, the epoxy, and the

primer used to prcmote bonding between them. If high temperature

mterials were used to produce a high tenperature laminate, it is

possible that the residual stresses due to the high processing
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te erature might be too high for the metal/polymer bcrd stre••th, and

da.laination coud occur.

Even if the bcnd strength were sufficiently high omared to the

residual stresses, temperature cycling ould lead to fatigue and

-u* equent delamination or fatigue cracking, even if no load were

applied. Clearly, the develoe•nt of lamiates for high tirture

applications involves s potential prblems uhich are not zftred

in ARALL or Glare.

2.3.1. The Need for Righ TLmpeaature L.-iates. To date, ARAML and

Glare have found applications, actual &nd potential, in a rnuber of

different types of aircraft. Most of these applications have been in

"cV, 1 n-ts where acoustic or mechanical fatigue are major cmxKxns. The

develcpment of high teiperature laminates would allow such benefits to

be extended to components exposed to elevated teieratures. The

fatigue, acoustic damping, and burn-thrcgh properties of sudh laminates

could result in substantial weight reductions compared to titanium in

firewalls and engine shrouds. They could also replace titanitum or steel

in exhaust-heated structures, missile casings, and a wide range of

fuselage skins and panels in future supersonic or hypersonic vehicles.

The use of high tewperature laminates for entire fuselage secticns in

fuiture high-speed transports, could reduce structural weight by thousands

of pounds, while increasing fatigue resistance and damage tolerance, and

reducinr interior nmise levels and tgpera ure fluctuations.

Current U.S. Navy interest in high tsIperature laminates is
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focused on firufalls and other engine-heated structures, aero&dynaically

heated skins, and reduction of noise and thermal signatures in future

naval aircraft. Navy research into high teoperature laminates is aid

at achieving physical and mechanical Properties ididch will allow their

use in the applicaticns above, while minimizing the cost, camplexity,

and envirmental impact of fabricating thm. In performing this

research, it is necessary to adress a nuviber of inportant issues.

2.3.2. Ist for High Temperature LiniinatAe. The important issues

associated with the developuent of high taiperature laminates for use in

future U.S. Navy aircraft include the following:

(1) Chemical Stability. The polymer(s) used in making the

laminate should be stable at roan temperature, so that they can be

handled at roan teiperature during surface treatment and laminate lay-

up. It is also highly preferable if the fiber/polymer prepreg can be

stored at rom temperature for long periods of time. Most currently

available cauposite resins are chemically active polymer precursors, and

beoime useless within several hours or days if not stored in a freezer.

Even in the freezer, many resins have shelf lives of only three to six

months. This is clearly a major ccmplicatinq factor, which adds

considerably to the cost and difficulty of working with such materials.

(2) Processing. One polymer property which is highly desirable

froE a processing standpoint is a low volatile content. Many polymer

resins contain a large percentage of volatile compowds, such as

solvents to hold the polymer precursors, which evaporate during the cure
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cycle. In addition, many resins release water vapor or other volatiles

as pert of the ceical reactions which owr during curing. All of

these volatiles must be removed from the compxsite before the cure cycle

is couplete, otherwise they will accumulate within the polymer to form

voids, w•ich have a detrimental effect on many of the material's

properties. This problem is especially severe in laminates, in which

the polymer is sardwidied between two sheets of metal. Mu most of the

surface area available for the outward diffusion of volatiles is lost.

Ga must be squeezed cut through the edes of the laminate panel,

otewise large voids and unbrded areas will result. It would

therefore be of great benefit to use a polymer which produces very

little or no volatiles during processing.

It is also desirable for the laminate to have a processing

t ture which is not too much above the maxmn use teqerature of

the laminate. A laminate which must be cured at over 300"C but contains

a polymer with a glass transition teaperature of 150"C would be of

questionable value, because special and expensive high-taqperature

materials and eq nent would be required to witbsad the processing

cxuditions, yet the laminate's operatirn cxx~iticrs would be well within

the capability of traditional low-teqperature materials.

Laminate processing can also be sizplified by developing simple

surface treatments. The number of steps involved, the mzber of

different chemicals, and the ocmplexity of the equipment needed should

all be minimized. Ideally, the polymer should be bonded directly to the

metal, with1t primers or adhesives, with a surface treatment consisting
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of a cleanin step and no more than one additional treatnt. •- ids

woruld save time and money, and would not only eliminate the use of

unstable chemicals, but also the need for strict timu costrainýs

betdeen prvossiq steps.

(3) -nv--oztal Dpact. The question of how techology affects

the enviroment is quickly becanirq an issue of the greatest importance.

As environmental concerns grw stronger and more visible outside of the

defense industry, there will be increasing pressure for science,

research and development, and military establishments to deal with these

concerns and eliminate environmntally unsound practices. thus it s

wise to make the development of enviruientally sound materials and

processes a major goal of any Mterials project.

Many of the currently available high-temperature polymer resins

contain highly toxic compounds such as NM (methylene dianiline), which

is a known carcinoger•nxtagen. large aounts of these compomnds are

present in most of the high teIperature composites currently in use,

including AFR-700 and PMR-15. Considerable effort is being expended on

the development of high teuperature resins which do not contain such

hazardous chemicals.

Processing high temperature composites can produce a considerable

amount of ash and soot, from both the polymer and the bagging materials.

Sims they cannot be reused, the bagging materials themselves represent

a tremendous amoumt of waste material, including a great deal of

plastic. Polyunide films and tape are usually used for bagging high

ompe osites. Reducing the amount of waste produced by
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cxq~sites or laminate processing will probably require the developent

of reumable baing materials and ra=-consumable sealing tapes.

In laminate processing, the chemicals used in surface preparation

are also an envirormntal cocern. As was mentioned previously, dirmic

acid anodizing has in general been discarded in favor of #x~phoric acid

anodizing. Miile this is a positive step, it is only a partial solution

to the toxicity problem. The elimination of primers and adhesives,

which also usually contain highly toxic chemicals, would also greatly

reduce the envrirornntal inpact of laminate technology.

(4) Cost. With the end of the cold war and the inevitable severe

reductions in defense spending, it would be foolish to continue

developing more and more exotic and expensive materials for structural

applications; for no one will be able to afford to use them. 7he

current prices of both high temperature aluminum alloy sheet and high

teerature o osite prepregs are hovering between $500 and $1000 per

pound, an acal figure when one is cnsidering a component or

structure weighing hundreds or thousands of pounds.

Unless these costs are drastically reduced in the future,

developing a high tenperature laminate with a reasonable price tag

requires either the intelligent use of existing materials such as

titanium, or the development of lw-cost alternative materials. A low-

cost, high temperature resin has been sucoessfully developed by at least

one research organization. [80-85]

(5) ),achiraWbiZty/PMnabi1ity. As was mentioned previously, the

madiinability of ARAIL and Glare Laminates is excellent, and except for
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shearng and bending, they can be handled just like metals. It is

cbviously desirable to retain these good workshop properties in high

temperature laminates as well. If special equidpmnt or techniques are

necessary for machining, the cost of part fabrication will increase, and

field repairs will become more complicated and time omvising. Good

formability can be achieved in high temperature laminates by using a

polymer which softens at elevated IteIetures, thus alloaing the

necessary shear between the fibers and the metal layers.

(6) Repairability. The good inspectability of damage and easy

repairability demrnstrated by ARAIL and Glare should also be retained in

any high temperature laminate which is developed. It is unlikely that a

high teperature laminate can be field repaired by adhesive botling

methods, since it will be exposed to high tenperatures, thermal

stresses, and probably high levels of acoustic and mechanical vibrations

as well. Therefore, its bearing and fatigue properties should be good

to allow for riveted repairs. B strength should be uniform

throghout the laminate panels, so that the extent of delamination due

to impact damage is minimal and predictable.

(7) EnviB-inental Resistance. The U.S. Navy has the dubious

distinction of maintaining the most hostile environment ever created

around an aircraft: the carrier deck. Aircraft on board carriers are

constantly inundated by salt spray, which is highly corrosive to metal

surfaces. The moisture which carries this salt also attacks metals, as

well as being absorbed by polymers and weakening bonded interfaces. The

older carriers also spew corrosive stack gases most of the time. These
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gases include sulfur dioxide, which combines with oisture in the air to

form sulfuric acid, which is dqtosited as a sort of acid rain on the

aircraft on deck.

2wre are r mos chemical hazards associated with the aircraft,

as well. For instance, powerful solvents includin arcuatic

h!rocarb ns and Chloro- flcurcarbons (CFns) are used extensively for

cleanare , degreasimg, and striping aircraft surfaces and cmponents.

Aviaticn fuel, oil, or hydraulic fluids may leak frcu renl t

ports or damaged areas. Finally, the corrosive effects of all of these

ervircmn•ral hazards are exacerbated by the fact that carriers

frsquently operate in tropical waters, where t-_ratures and humidity

are high.

Any material which is to be used in naval aircraft must be either

resistant to or capable of being protected from all of these

envxLomental influerKses. Laminates, with their outer layers of metal,

can be primed and painted just like conventional skin materials.

Furthermore, since the metal layers protect the underlying fibers and

polymer, the only major additional cncern is the machined edges of the

laninate panels and any holes or openings in the panel. hese will have

to be protected against attack by some sort of sealant.

Silicoie-based sealants are the most likely candidate, since they are

diaically inert and retain their elast9ric qualities under a wide

range of operating conditions, and are readily available and easy to

use.
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(8) UsebaniCi p.ZetiOU. ¶Ia required properties of the

lunate are determined by the design properties of the ccmewt for

uhhid the laminate is intended. Laminate properties are a function of

(1) the properties of the materials used in the laminate, (2) the

configuration of the laminate, i.e. the manner in which the omponent

mateials are a•rr ed, (3) the strength of the fiber/polymer and

:mtal/polymer interfaces, and (4) the type of post--min process used.

All of these must be carefully comidered if the desired properties are

to be achieved.

2.3.3. Materials for High Te-eatUre Lnmainates. Different aircraft

c mqx2 it5s can have very different property re;•rents. Forinstane,

lwer wing skins usually require high sftreqh and fatigue resistanc;

En•ine shrcuds, on the other hand, may not need nux strenth, but do

need good acoustic damping, impact, and b•-n-t•-oxb properties.

Similarly, laminates with very different properties may be required for

different apPlications. The proper selection of materials is an

important part of designing a laminate. 7he first question to be

answered is: eat is the range of service temperatures to which the

laminate will be subjected?

For ambient or cryogenic atures, materials must be selected

uhich will not become brittle at low eratures. Attention must also

be given to the residual stresses due to processing; these increase

linearly with decreasing te irture (see Section 2.1.4), and at

stratosperic tsprtures (-40"C) they may be great exiogh to fracture
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the metal/polymer bond, eseially if the polymer is brittle at that

teture. Ftr hi t ture laminates, there are a number of

cmaterials currently or soon to be available. Thse are

suiarized in the followin paragraphs, for laminates with service

raur between 200" and 3500C.

(1) MYtalS. Qvntical almfnLum alloys can not be used for

t1, eratures above about 1500C. There are, however, several high

tapera tLa aluminum (HZh) alloys uIner wvelopment. [86] These can be

used at taeperatures up to a maxinum of about 350-C. CmQventional

titanium alloys are easily obtainable, and relatively cheap compared to

current Hls. These can be used up to perhaps 400"C. Steels are also

potential laminate mterials, but are of course very heavy. Som of the

alloys which are candidates for high temperature laminates are

sumarized in Table IV. It can be seen from the table that the alloy

properties are always a tradeoff; the selection of an alloy for use in

the laminate is made based on the mist critical prcperties. It is

certainly possible to make high teperabture fiber/metal laminates using

ceramics instead of metals, and in fact smxh a laminate has been

stxdied;(87 hOeVer, such a laminate woIld obviously have a completely

different range of applications than those envisioned for fiber/metal

laminates.

The "T• p." column in Table IV represents the maximum cotinucus

use teiperature based on either microstrctural stability or mechanical

strenth, whichever is the limiting property. 'Envir" refers to the

r tresistance of the alloy. Cost refers to thin sheet
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products; most metals are mch more expensive in this form than in cast

or wrought forms.

(2) Fibers. As with the metal, the selection of a fiber for the

laminate must be based on the desired laminate properties. It is also

important to cosider such factors as the chemical or thermal

cqiatibility of the fibers and metal, and also the interrelatedniss of

the properties of these two c~otpents.

A laminate cisting of a high tair aIure aluminm and graphite

fibers is a good exauple of the former. Such a laminate would be very

desirable, from a meadanical property standpoint, yielding a laminate

with very high stiffness for a very low density. Hmver, the laminate

would be subject to potentially severe galvanic corrosion, which always

ocrs when graphite and aluminum into contact. For such a

laminate to be viable, some means would have to be devised to prevent

any contact -hatsoever between the fibers and the alumimnm. In

addition, based on calculations using Equations (1), (2), and (3), this

laminate would have an extremly high residual stress and would

experience very high cyclic stresses at the fiber/metal bond when

exposed to me fluctuations.

As an example of the interrelatedness of the fiber and metal

t, consider a fatigue-resistant laminate using titanium with

glass fibers. The modulus of glass is only about cne-third that of the

titanium; from Equations (11), (12), and (13), it is clear that the

fibers would carry very little load, and the net stress on the titanium

layers would be substantially higher than the numinal stress on the
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laminate. The result would be low yield strength and poor fatigue

prqpries u to Molllithic titaniiu.

Table V sumurizes the prcerties of some potential fibers for

high -ellerature laminates. The category "Copatibility with Metals"

refers primarily to coefficient of thermal exqansion and dhemical

compatibility. It is clear from this table that glass and card= fibers

are very attractive candidates for laminates when strength, weight, and

cost are major factors.

(3) Poltyna Matrix. The mst serious limiting factor in the

development of high taieature laminates is widoubtedly the

availability of polymers which can operate at the desired service

taperature.

The first question is whether to use a h polymer or a

therimplastic. Most 3f the iuportant issues detailed in Section 2.3.2

suggest[88] that a thermoplastic is preferable for high teiperature

laminates. To begin with, thermoplastics are relatively inert

Chemically, in that they do not undergo rapid dcemical changes at

moderate t*peratures. Therefore, the need for refrigeration prior to

use is not as critical, and they do not suffer from the uselessly short

shelf-lives often found in high tapeare roset resins. Another

major advantage of thsnuplastics is that they usually have a very low

volatile content, so entrapment of evolved gases is not a prcblem.

IheI-Isets, on the other hand, frequently evolve such a large volume of

volatiles that the laminate would more resemble a laminated foam than a

sheet product. Due to their low volatile =ontent, theroplastics also

44



NAWCADWAR-93079-60

have less environmental izpact in the laminate processing stage.

The chemical stability and low volatile content of the-m- lastics

is also a disadvantage, in that the t+- ratures necessary for them to

become fluid and bond to the metal layers is often well above the glass

transition tes -rat-re (Tg) of the polymer. For instance, unpblished

research by this author on laminates of 8009 aluminum with glass-fiber-

reinforced PEEK showed that the PEEK softened and caused the laminate's

properties to degrade substantially above 1501C, even thoug the

processing t ture of the PEFgraPhite prepreg was over 300C. In

this respect, the••osets, which can typically be used near or above

their original cure t-prature, are better.

[hermoplastics have the advantage of softening at sufficiently

high tWiperatures, which means that ermoplastic-based laminates have a

greater potential for secondary forming and repairability than those

based on thermosets. Misture absorption is also lower in

thermoplastics. In terms of mechanical behavior, thermoplastics

typically have greater toughess and inpact resista= than therwsets.

The important properties of most of the currently available high

taeature polymers which are candidates for high tenperature laminates

are summarized in Table VI.

In many cases, the distirrtAcn between s and

thermoplastics becomus fuzzy for these high teiperature polymers; soie

of them can possess the diaracteristics of either one, depending on the

oue and post-cure cycle used. Many of those listed as "thermosets"

might better be described as "addition-type" polymers, and many under
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"therm•Plastics" as " nsaticon-type" polymers.

Me ujoJritY Of the polymer. in Table VI are polyimides. The only

Sare PT, which is a cyanate ester which cures to form a

phierlic triazine ( the name), 89,90] crystalline P

(P01' Ž Z. t ), and Radel C, a polyaryl sulforne. 7,e polyimi1es

include a wide variety of chemnical coxmsiticrs, amy of Qliich are

pEIrietazy. 1MR-15 was the first of the 300"C polymer resins, and was

the mst widely used high-teuperature resin until 1991. In the past,

PHR-15 was extremely difficult to process, in part due to its high toxic

volatile content. This problem has been alleviated to so extent

through refi of the polymer dmuistry. In the late 1980's, 7W

develqoed AFR-700 as a solution to the shortx•hngs; of M115.[91-94]

21is resin has de=mstrate ai better processability and superior

T : anical properties; hcmer, there is still a toxicity problem (MA,

is a major volatile ccponertm), and because the resin precursors are

very eXPWSive, the resin is also very expensive, roughly $600 to $1000

per pound. - Le cost problem is coapounded by the fact that AFR-700 is

produced as a batch process, and its sole ccmuercial prodLucr, Dexter,

requires a relatively large minion order (by research standards).

Furtheirmore, production and availability are restricted by the Air Force

due to the hilghly secret nature of AFR-700 and its applicaticns.

LAIW-RP46 is a modification of the PMR-15 chemistry. The

methyledianiline in the latter is replaced by an oxydianiline (OD),

wh~idch was not supposed to be as toxic as MM, but which is now suspected

of being just as toxic [95]. RP-46 is also reported to have better

46



NAWCADWAR-93079-60

prncmisirq &mr-cteristics and greater RiirUss than po-IMS.[81-85]

Its cost i. about an tenth that of 1M4-15 and AFR-700, and availability

in research quantities from Structural polymer syst• is "rrently

excellent.

Allied-Signal's Pr resin reportedly excellent Processing

diaracteristics, includirg low viscosity in the uncred state. [90]

In general, the med• nical p•roeties of the polymer matrix will

not affect the properties of the laminate in wdich it is to be used.

'Iu4iness is an eo:,epticn, since matrix cracking and deborgling can

seriously affect the laminate's fatigue,'Properties. In terms of the

polymer's physical coxpatibility, it must cbviously bond with the

desired strength to the fibers, as well as to the metal. The bcnd with

the fiber can be strengthened or weakened by coating the fibers, while

that with the metal can be altered by using a polymeric primer or

adhesive. To date the most prumisixq high te3perature primer for

laminate fabricatict has been American Cyanamid's E%-35, which is a

fluorinated polyimide as are many of the high teIperature polymers in

Table VI.

2.3.4. Special problems of High Tei.ratur Laminates. Many of the

probles associated with the develqcpit of high ti peature laminates

have already been discussed. These include materials ccmpatibility,

toxicity and environmental concerns, and processability. Frum a

development point of view, the greatest obstacle by far is the cost and
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availability of high mta.rature uterials. Many of th are not

available in the desired form or thickness, or in the desired

fiber/polymer matrix ccwbiraticns, et cetera. Many are prhiibitively

expensive, sud as W -T, whicd is only available in 10-poud lots at

$300 per poud; [9 6 ] or AFR-700, whicd is only available in large orders,

and for which "there is no such thing as scrap". (97]

Currently, materials and coxnfigurations for laminates nust be

selected based on the solution of these prtblems, rather than on the

desired l•ate properties. For instae, in terr of weight saving,

it would be desirable to replace a conventional metal cmponent with a

laminate using a lighter metal. This may'be possible in some cases; for

instance, a laminate using an HI' could be used as a replacerent for

Titanium, even though the latter has vastly superior fatigue properties

and much, greater modulus than the monolithic HMA. MTs substitute can

be made by using a high modulus carbon fiber and by carefully

controlling the interface properties to obtain good fatigue properties.

Hawever, as noted previously, Hhs are currently exteely

expensive in thin sheet, and there would be severe problems with

galvanic corrosion, residual stresses, and thermal fatigue. In the end

it would probably prove very expensive to averzme these problems and

prodxe a successful laminate using these materials. 7he most cost-

effective solution, as well as the one with the greatest char- of

success, is to use a laminate based on titanium and a lower-mouuLus

carbon fiber. The weight savings would not be as great as the alumnzm-

based laminate, but the cost and develop•ent time would be far less.
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2.4. fuvia= an ongoing wolt in High T rAb• • I.

M1A vast mjority of the research performed an fiber/metal

laminates to date has been on ARAIL. lbe aramid ARALL family has been

very well characterized, and serves as a solid baseline material for

future laminates research. Itile sawm laminates research has shifted

focus to Glare or other variations of ARALL, a great deal of research is

still being conducted on aramid-based ARALL from a component design

starnpoint.

Because of the bq•end~ing commercial success of ARAIL and Glare,

little attention has been given thus far to the development of high

t~pratreandl tbeniplastic-based laminates. However, their potential

has been recognized by several research organizaticns in the last four

years. Their experimmns are described below.

2.4.1. Dremel university. Drexel, under Dr. Michael Koczak, has

investigated several thermoplastic-based laminate systems. [62,63,98-101]

These were not high -- e laminates, but they addressed saoe of

the inportant issues in the fabrication of thermoplastic-based

laminates, and denstrated the feasibility of their fabrication. The

laminate systems studied by Drexel were as follws:

(1) 2024-n3 or T-8 aluminum and Kevlar 49 in J-2 epoxy, with AF-

163 or AF-191 adhesive. J-2 is a thermolastic copolyamide from Duiont

based on bis(para-amino cyclchexane)metbane, while the alumirnu, the

fibes, and the adhesives are the sawe as those used in various ARAIL

configurations.
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(2) 2024-.3 and AS4 graphite fibers in amorphous PEEK, with AF-

163 adhesive. In both of these systems, the ahsive was used because

the -- ---rature limits on the 2024 alumi reqj.dred processirg to be

carried out well below the ideal processing taipratures for the

thni• astics.

(3) 2024-T3 and 7075-T6 with AS4 graphite or E-glass fibers in a

polyphenylene sulfide (PPS) matrix. American Cyanamid's FM-73 adhesive

was used to prtote bcizg.

One iportant oservation made during these experiments was that

the need for a thick but non-load-bearing adhesive layer resulted in

substantial degradation of the apparent strength and modulus of the

laminate. The cnc-lusion drawn frcn this is that the adhesive layer

shuxld be eliminated, i.e. the polymer should be borded directly to the

metal layers.[63] For this to be accumplished, however, higher

processing teperatures mnust be used. This means that a metal capable

of higher temperature cperation Must be used. This is already a

reyrmt for high t ture laminates; thus the advantages of a

theniuflastic matrix can only be realized in a high taperature

laminate.

currently, Drexel is working on the develqcent of high

tperatre therpla c laminates. Ths effort, srisored by the

Naval Air Warfare Center (NAWC), Warminster, is aimed at the development

of a laminate capable of continuous operation in damping

applications at 3150C. Several candidate systems will be evaluated.
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2.4.2. Delft University. Delft University, under Dr. L.B.

Vogelesang, was respotsible for the invention and early development of

ARALL and Glare. Mre recently, they have studise potential laminate

systems based on titanium with glass or carbon fibers in an epoxy

matrix, and with carbon fibers in PEEK. Delft is a subcontractor to the

Drexe1AWMC conrc.

2.4.3. Lockbeed. Iockheed Missiles & Space cCmqany, Palo Alto,

has been studying the possibility of high laminates based on

both thermoplastics and thermosets, and using various rapidly solidified

or mecanically alloyed aluminum alloys. Experiuental work thus far has

concentrated on the latter, using Inco's AL-905XL Al-Li alloy. [102,103]

142le this alloy is more microstruturally stable at elevated

ts rtures than other AI-Li alloys, it is not an IfA, having very low

strezt at high temperatures. C104]

2.4.4. Naval Air Warfare Center, Aircraft Division, Warminster.

Fomerly the Naval Air Development Center. Several potential high

t et systems have been evaluated under the Macrolaminates effort,

part of an ongoing Hybrid Materials (HYMA) progr. Tese are as

follows:

(1) 8009 aluminum with T650-42 carbon fibers in an Amoco Radel-X

matrix. Fabrication was acccuplished using traditional autoclave

prnocedues, and no adhesive was used. Two primers were evaluated, ER-35

and E-36, both frcu American Cyanamid. BR-35 was diosen due to its
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superior pevorance after enosure to the high processing taperatuzes.

IAp shear, roller peel, and aubient and elevated tm:Perature tensile

tests were performed on this system. Rlde it was found to possess

excellent strength up to at least 150"C, the bcod strength was

insufficient, and extensive delaminaticn occurred during madning of

the speci .

(2) AC-TPI resin. Only a vesy small sanpie of the unreinforced

resin (Tg=2 5 0 "C) was cbtainable, so only lap shear tests could be

corkucted. These tests revealed very good bond strength, ccmparable to

that measured for ARALL-4. Cchesive failure of the resin occurred when

ER-35 primer was used, indicating that the borzi strength was greater

than the cohesive strength of the resin. This system wld probably

have proven highly successful in a full-scale fiber/metal laminate with

8009 aluminum, but unfortunately the rights to the resin were sold to a

Japanese company whidc does not give away samples and has a minimum

order of ten pounds for the glass- or carbon-fiber reinforced resin.

Die to the high cost, about $300 per pound, work on this system had to

be terminated.

(3) 8009 aluminum with S-2 glass fibers in amorpcx= PEEK. This

was an attempt to demonstrate the feasibility of fabricating a direct-

bonded thermoplastic-based laminate. The standard autoclave cure cycle

for the ICI prer was used. The 8009 aluminum was prepared by dhramic

acid anxdization prior to processing, and laminates were fabricated both

with and without BR-35 primer. Lap shear tests showed that the

PEEMV8009 bond strength was excellent with or without the primer. The
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bcn strength without primer was about 30% higher than that for ARAL-4,

and about 80% higher with the primer.

Tensile tests showed excellent modulus and strength retention up

to 1500C, with only a slight decrease at 180"C. Fatigue tests showed

that, despite the presence of the glass fibers, the fatigue resistance

of the laminate was only comparable to that of monolithic 2024. This

was due in part to the fact that there was absolutely no sign of

delamination after fatigue. The three aluminum layers cracked almost

similtaneously, and only one or two millimeters separated the three

cracks in the loading direction. This indicated that the bond between

the PEEK and the aluminum was, in fact, too strong. The fatigue tests

were coIucted on laminate panels which used the BR-35 primer; had they

been repeated on specimens without the primer, the fatigue resistanc

would probably have inproved. This theory has not yet been tested.

Experiments with this system proved that a fiber reinforced

thermoplastic could be directly bonded to a high temperature aluminum

without the use of adhesives or primers, and that the resulting laminate

could possess desirable properties. These results led to the research

currently underway at NAWC and Drexel, for the development of laminates

based on both thermoplastic and thermsets, for U.S. Naval aircraft

applicaticns with operating temperatures of 300"C or higher.
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3.0. W ] L : Processing ad Properties of w4qh-T'mfqatur*

Mital/PibeRe-inforced Thermoplastic Zaminates

3.21. MJectives.

The main objective of this research is to nstrate the

feasibility of direct-bonded, thermoplastic-based high t ture

fiber/metal laminates. This objective includes several major tasks,

including the following:

(1) 71o determine the effects of various aluminum surface

treatments on the metal/polymer band strength.

(2) To characterize the physical ahd mechanical properties of the

laminate, and compare the observed properties with theoretical

predictions.

(3) To draw conclusions and make recamerdations coerning

further high-taiperature laminate develqcnt.

3.2. Materials.

The high cost or unavailability of most candidate materials for

high eture laminates has already been described. This proved to

be the critical factor in choosing materials for this project. The

materials selected are as follows:

(1) Metal. Because of its iw density and its ccmpatibility with

the other conpcnents selected, a high temratrMe alumnum (HM) was

chosen as the metal component. The only HIM which could be obained at

all in sheet form was Allied-Signal's 8009 alloy, formerly FVS-0812.
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This is an alloy containin roughly 8.5 weight % iron, 1.3 % vanadium,

and 1.7 % silicon.( 8 6' 1 0 5 '1 0 6 ] Though it is still in a pre-producticr

stags at this time, Allied-Signal is in the process of establishin a

stockpile of standard mill products.

Aproimately 4.46 square meters (48 square feet) of the alloy

were obtained in the form of rolled strip 14.6 m (48 ft) long, 30.5 cm

(12 in) wide, and 0.305 m (0.012 in) thick. The amant of material

required was based on the fabrication of 3/2 ply panels large enogh to

yield the desired number of specimens. The 0.3 mm thickness was chsen

because this is the thickness of the aluminum layers in ARAIL and Glare

Laminates.

(2) Polymer. The polymer selected was Ethyl Corporation's Eymyd

U-25, a fluorinated thermoplastic polyinide with an advertised Tg of

233*C.1I07] Uhile it is not a true '"igh temperature" polymer (the

original goal was a laminate with a use temperature of 300°C or higher),

it is represenative of higher teperature thermoplastic polyimides such

as those listed in Table VI. It was chosen for reasons of availability;

no other high te ratr polymers cuxld be obtaine in fiber-prepreg

form until very recently. The U-25 sample, in the form of

unidirectional tape 30.5 =n (12 in) wide, was supplied at no cost by

Ethyl. Unfortunately, since that time, Ethyl has discontirue its

production of U-25 and all other experimental ccuposite materials, due

to their inability to find a purchaser for those operations. As a

result, U-25 is no longer available. However, as it is fairly

representative of all thermoplastic polyimides, it remains a useful
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model system for study.

(3) Fibm=. The fibers selected wre S2 glass. Glass fibers and

two different carbon fibers Were available in the U-25 matrix; glass ws

chosen because of its dchnical and madaical ccipatibility with the

8009 aluminum alloy selected for the laminate.
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4.0. DEMM IE I n

4.1. Toretical reitis.

Based on the eqpatiorm disaussed in Secticrs 2. 1 and 2.2, the

residual stress, yield strert, ultimate streýh, and demity were

predicted for the 8009/U25 laminate. gese were ooapaed to the

-eer ally ieasured prcperties. These equations were also used to

determine the true stress state in the fibers and aluminum layers mdaer

certain test ccnditions. Other equations were derived as needed to

explain varicous pheramena noted from the tests. For all laminate

specimens, a ncinl thickiss of 1.47 m" (0.058 inches) was assumed.

4.2. iuniate Fabrication.

TraditCin, but sinplified, ocmposite pro•essing t were

used in fabricating the 8009/U25 laminates. The inportant steps in this

process were as follows:

4.2.1. Surface Treatments. The surfaces of the aluminum alloys were

treated to prcmote good borxIing with the polymer. In order to determine

how variouS surface corditions affected bond strength, a number of

different mechanical and chemical surface treatments were tested. These

are listed in Table VII. simple cre-step surface treatments were used

in most cases, since one of the goals of the project was to daxstrate

a sinplified fabrication technique to produce a laminate with good bcrd

strength and properties. The psr•-oric acid anodizing was perform
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acx~dinto ASI4 D3933 standards.

Most of the surface treatments listed in Table VII are self-

expanaty. The aluminum sheets were cleaned and dwxdiized prior to

the surface treatment. No surface treatments were used on the polymer

XP.re. SazOples of the surface treatments on both 2024 and 8009 were

spitter-coated with gold and stub mounted for scaminq Electron

Mic (SE4) evaluation. An Amray-1000A was used, at an

aceleratin• voltage of 20kM.

4.2.2. PXooessing. The laminate panels were processed in a Baron BAC-

35 autoclave using the standard U-25 'cure cycle and standard high

Ierture baggi techniques. 3/2 panels were assabled by hand and

transferred to the ctutoclave table, then bagged and a vacum drawn.

Once all leaks were eliminated, the chamber was closed and the process

begum. The control system monitored time, te1erature, and pressure

thrvxhait the cycle, and plotted these parameters upon completion.

This allowed any deviations from the recommended cure cycle to be

identified. Samples of the cured laminate were momted in diallyl

pthalate, then ground and polished using suspended diamon media for

dcservation in an optical microscope.

7he U-25/glass composite panel, for tensile testing of the polymer

and fiber components without the metal layers, was laid up by hand and

aired in a Stanat 50-ton laninating press. The U-25 cure cycle was

followed as closely as possible.
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4.2.3. BpoCLUnM P:0aration. Specimens were ro4i-cut from the

laminate panels by bandsaw. 7hey were then machined to their final

shape using vertical or horizontal miiling machines, Tensilkut machine,

and vertical drill press. The edges of the tensile specimens were filed

smooth outside the gage section, but sanded with 180-grit silicon

carbide paper in the gage sections. The edges of the fatigue specimens

were sanded smooth over their full length, and then polished with 1000-

grit SiC paper. The edges of most of the remaining specimens were filed

smooth, the file being drawn along the length of the specimen to avoid

causing edge delamination. Finished specimens were stored in a

dessicator until tested.

4.3. Tests Performed.

mhe tests which were used to characterize the properties of the

8009/U25 laminates were based on those used for ARALL and Glare

Laminates. It has beccme standard practice to use traditional sheet

metal testing tedhniques for evaluating such laminate properties as

tensile stre : modulus, fatigue, and notdc and bearing strength.

Impact and interlaminar properties, sudc as shear and peel strength, are

tested using standard composite testing procedures. A acuplete

evaluation is beyond the socpe of this project; therefore, only selected

properties were investigated. The tests performed were as follows:

4.31. Single Lap Shear Tests. Lap shear tests were performed

according to ASIM D1002. 2024 aluminum and the U-25/glass prepreg Were
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used for the tests. The surface treatments used for these tests are

described in Section 4.2.1. These tests were performed on an MWS 810

close-loop servo-hYdraulic testing system, in load coMtrol mode. A

loading rate of 100N/s (1300 lbs/min) was used for all tests. Te

puzpose of the lap shear tests was to determine the effects of aluminum

surface treatment on the shear strength of the polymer/metal bond.

Tests were nm in the dry (as processed) condition, and after one week's

eqxoure to 140"F, 100% relative humidity conditios henceforth

referred to as "wet" condition) to determine the effect of moisture

exposre on bond strength. Wet tests were performed iuedi ly after

reoal of the specimens frau the humidity hant)rer.

4.3.2. Floating Roller Peel Tests. 'Ihese tests were performed

acrding to AST D3167. The MS system described above was used to nm

the tests. Stroke catrol mo-de was used, with a stroke rate of 150 mn

(6 inches) per minute. Load Versus stroke weae were recorded

every 0.5 seconds via an WI"S 459.10 Testlink omector Interface and 1Tr

XIA mic ter, using a test data acquisition program in Basic.

Fo]loldiq the tests, the data acqired in this manner was u•ported into

a Lotus spreadsheet file. The average peel strength of each specimen

was determined by discarding the first and last inch of peel data, and

then averaging the remaining load vs. stroke data points.

The purpose of these tests was to determine the effects of

aluminum surface treatment and moisture exposure on the adhesive

strength of the polymer/metal bond. The first series of peel tests was
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performed using bare and clad 2024 al.unu. cimens were tested Mn

both dry and vat oChtiorts. n tests were then repeated using 8oo9

alloy, using the surface treatnts which apeared most pr•aising in the

lap shear and peel tests with 2024. 7he 8009 peel tests were performed

to determne Qhether tests using 2024 were valid for the high

t mz:rat urB alloy as wel.

4.3.3. Tensile Tests. Tensile tests were performed acording to ASIM

E-8 using the mS systm described above. An WiS 418.91 digital

micruprofiler was used to generate the loading sequn. Tests were nm

in stroke control node at an extension rate of 0.002 indhes per second.

A cre-inrh MIS exten t was used to measure strain. toad, strain,

and stroke -s- ts were recorded at 0.25 second intervals via the

microcomruter data acquisition program described above. The data for

each test was analyzed using Lotus, and values for yield and ultimate

stress, fracture strain, and primar, and secordary modulus were

determined.

Specimens tested include 8009 aluminum sheet in the as received

condition, after 2 hours at 343"C (6500F, the processing temperature for

U-25), and after 24 hcmrs at 343"C; conventional 5-ply unidirectial U-

25/ glass composites; and 3/2 ply laminate specimens in the longitudinal

direction. The laminate specimens, 20.3 cm (8 in) lcng with a 6.4 cm

(2.5 in) reduced section, were made frum panels with phcsphoric-acid

anodized aluminum only. A rominal thickness of 1.47 mm (0.058 in) was

assumed for all laminate specimens. Transverse specimens were rot
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tested due to (1) difficulty in z txnirx these cime•s, (2) the

limited amont of Mterial available, and (3) the fact that trmsverse

strerKxth is cortralled by the aluminum layers, and is affected very

little by the fibers or residual stresses.

Tensile tests were run at ambient temperature, -56", 150", 204,

and 250"C. All tests were run in the dry conditicn, as the stren•th and

modulus using U-25/glass were not exected to be affected by moisture.

7hree of each type of specimen were tested at each temperature.

4.3.4. WAdal Fatigue Tests. Fatigue tests were performed on 1500-lb.

and 5000-lb. Krouse direct-stress fatij4ue madcines. 7hese machines

autcmatically maintain a onistant max=ium and minimzn load, i.e. the

stress on the specimen increases as cracks form and grow. 7he machines

were set to a load which corresponded to the desired initial nominal

stress. 7he number of cycles to failure were recorded for each stress

level. 2024 aluminum specimens were tested with different surface

treatments to determine the effects of the surface treatment cn the

fatigue life of otherwise identical specimens. 8009 alloy specimens

were tested in the as-received, untreated onidition. 8009/U25 laminates

were tested using untreated and pos±phoric acid anodized aluminum sheet.

The edges of the anodized laminate specimens were sanded and polished by

hand to remove all rcihess from the aluminum layers. Failure in the

laminate specimens was defined as the ccmplete fracture of all aluminum

layers. Tests were terminated after 167 cycles if no failure oc=urred.

The specimens used for the fatigue tests are shown in Figure 16.
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Larxg specime were used for testing the aluminum sheet because of

minium strew limitations in the test mahines. Smaller specimen were

used for the laminate specimens due to the limited amount of material

available. Three or more tests were run for each material/surface

treatnt ccubinaticn. Follcmir the failure of the laminate .pec f,

zrsidual strength tests were performed to determine whether any fiber

damage occurred as a result of the fatigue test. The MIS system was

used for these tests, hdich were performed at 0.002 inch per second

urder stroke control.

4.3. 5. Dynamic Mechanical Tests. These 'tests were performed according

to ASn4 D4065 using a aPont, 982 Dynamic Mechanical Analyzer operating

in resonant frequency mode, and controlled by a 1090B Thermal Analyzer.

A nitrogen atmosphere was used for the tests, which were condlxted

betwee ambient temperature and 360"C at a heating rate of 10"C per

minute. A rnminal initial frequency of 30 Hz was used for the

specimens, whidc were 7.62 cm (3 in) long and 1.27 cm (0.5 in) wide.

The thickness varied deperding on the material. Tests were run on 2024-

T3 and 8009 sheet, U-25/glass ccmposite, 2/1 ply 8009/EJ25 laminates, and

3/2 ply ARALL-4. Mhe ARAIL-4 was tested to only 2200C in order to avoid

degradation of the epoxy and subsequent contamination of the test

Storage modulus, loss mordulus, and tan 6 were calculated as a

function of teIperature and plotted by the 1090B analyzer. Specimens

were run in both longtudinal and transverse directions, and in dry and
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wet conditicns. specinens tested in the wet condition were tested

several time in uccession to determine the effect of dryirn of the

polymer layer due to exosure to the elevated t.eratures. The purpose

of these tests was to assess the daiping characteristics of the laminate

and the possibility of using it in acoustic damping applications.

4.3.6. M~tcal PAsistanc Tests. Lminate s i aproxiately

52M (2 in) long and I'm (0.45 in) wide were submerged in various

liquid envi.nits which were representative of se of the chemical

hazards to uhich naval aircraft might be exposed. he -- v used

are sumrlarized in Table VIII. FollwiM the exposure, the specimens

were tested in three-point bend to determine the effects of the chemical

exposure on interlamirar strength. True interlaminar tests, adleri- to

AIMM standards, could not be performed because the difficulty of

madliniM 8009-based laminates made it inpossible to cut specimens of

small enough size to conform to AS]n standards. The tests were

performed on an InstrOn 1122 screw-type tensicn/cORpression frame at a

deflection rate of 0.05 i/r/min.
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5.0. =

s.1. •aaOOdMWO 24-60OUICU S.

$.*.l. flnmidial Strs. 0 cla0l08ti0ci used to determine the

residual stress in the alum== and fibers are shown in Appendix I.

These values were found to be 71.0 MIa (10.3 ksi, temsile) in the

al.niim, and -332.5 MPa (-48.2 ksi, coupressive) in the fibers. Mwu

calaulatiis assum that the polymer bond between the metal and fibers

is rigid, i.e. it does not deform under shear, and that the CIE of the

polymer does not contribute to the residual stress state. It also

asmse that no fiber buckling occrs. Thus the calculated residual

stress represents an upper limit. The lower limit in both ccuponents is

zero, this result being dbained by assuming the CIE mismatch between

fibers and metal to be fully relieved by shear deformation or creep in

the polymer matrix.

The value for the volum fraction of fibers was determined from

the modulus of the laminates as measured in tensile tests, rather than

using a ical volume fraction. This was done because, as will be

explained in a later section, it was not possible to aurately estimate

the volume fraction of fibers fram mio . The volume fraction

calculated from the average modduli of the tensile specimens tested at

roa tenperature was 0.135. This calculation is shown as part of

Appendix I.
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5.1.2. Yield Stremgth. The theoretical yield strength was calculated

aoz~izqto Equjations (5), (6), and~ (7). Yield strength~ was predicted

for both the maximum and minimum predicted values of residual stress;

the calculations are shown in Apperdix II. 7he theoretical yield

Strength with the Maxim=m theoretical residual stress is 345.9 MPa (50.2

ksi), while that with no residual stress is 401.1 MPa (58.2 ksi). These

values were ccopared to the yield strengths cbtained in tensile tests on

laminate test specimes.

S.1.3. Ujtimate Mlrenqt. Teoretical ultimate strength was calculated

using Equatio (8) and (9), as shown in Aperdix InI. In this

calaclation it is assumed that the ultimate strength is achieved at the

theoretical ultimate strength of the fiber-4, i.e. that failure of the

laminate in tension is controlled by the fibers. The ultimate strength

calculated in this way is 935.0 MPa (135.6 ksi).

5.1.4. Modulus. The equation for theoretical Modulus, Equation (14),

was used not to determine the modulus frcm volume fractions and moduli

of the caqxments, but rather to detenine the apparent volume fraction

of fibers from the experimentally measured laminate modulus. This is

shown in Appendix I as part of the residual stress calaulation.

S.I.5. Density. The theoretical density, based on Equation (17), the

dexsity of the ccq•onnts (8009=2.93 g/cc, E-glass=2.62 g/cc, and U-25

resin=l.39 g/cc), and the calculated volume fraction of each cxponent,
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is 2. 53. This figure uses a metal volume fraction of 0.632, as

calculated from the thickness of the sheets (0.3 amm, 0.012 in.) and a

nomdnal laminate thickness of 1.47 mm (0.058 in.), and the caloalated

fiber volume fraction of 0.135. Mhe remaining 0.233 is assumed to be

polymer. Mhile this is not actually true, it allow- a first

approimation and an uper limit for the laminate's rmninal density.

5.2. Linate Processin.

5.2.1. Surface Treatments. Ihe mechanical surface treaents,

especially the blasting treatments, had a considerable shot peening

effect, leaving the aluminum sheets considerably bowed when blasted on

only one side. To minimize the bowing, both sides of all sheets were

treated. The appearance of the 2024 and 8009 surface treatments in SEK

are shown in Figures 17 and 18. The treated surfaces of the two alloys

were slightly different, in some cases (DA, WA, GB, and SB) because the

8009 is harder than the alclad coating on the 2024, and in same cases

(Ur, PA) because of differences in surface texture. mhe ridges in the

UT and PA 8009 (Figures 18a and f) are an artifact of the rolling

operation used to fabricate the sheet.

5.2.2. Processing. Processing the laminate panels proved to be

somewhat difficult. Specifically, it was very difficult to obtain a

leak-free vacuum bag which would hold the vaacum until the maximu cre

temperature was readied. As a result of this and the fact that the
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aluirnm layers make it difficult to rwme all of the gases from the

laminate, zost panels contained a subtantial mot of trapped gases.

7hSe diMnsios and appearance of a cured laminate panel is shown in

Figure 19. A typical cross section micrograph of the laminate is skhon

in Figure 20, shwing clearly the metal, fibers, polymer, and entrp

gas spaces. The presence of the gas spaces resulted in a very uneven

fiber distribution in scme areas, which made microscopic measuren•ent of

fiber volume fraction impossible. For this reason, the fiber loading

was instead calculated from tensile mocdulus measurements.

The U-25 panels without metal layers suffered some "ooziig' of the

polymer matrix due to the relatively thick (5-ply) layup and the lack of

restraining devices at the edges. Mhe panel, whidc was 20 by 30 an

before processing, was 40 an wide after processing, with considerable

displacement of the fibers near the edges (Figure 21). About half of

the panel was useful for fabricating tensile specimens. Figure 22 shows

a cross section of this panel; the fiber volume fraction, frun the

micrographi and based on the modulus of the tensile specimens, was

determined to be about 73%.

5.2.3. Specimen Preparation. Fabrication of laminate specimens was

found to be very difficult. The machining properties of 8009 sheet are

very poor compared to those of traditional aluminum alloys. The alloy

cannot be cut with a dull tool or at high speeds, as it galls, smears,

and bends very badly. An extremely sharp tool and relatively low

cutting speeds must be used, and large bites nust be taken at each cut.
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The laminate specimens must be tightly claqped and wll supported by

thick alumin.u side plates in order to avoid delamination and aztard

berdiq of the cut edes. A nwter of specimn ware unusable because

of delamiaton, particularly the fatigue specimens with the dry alumina

surface treatment and all of the transverse specimens whia were

attaiited. Only a bandsaw was available for the rough cutting of

specimens; it is possible that a thin-bladed diamnud or cmposite

cutting wheel would greatly inprove the machinability of laminates made

with 8009.

5.3. Tests Performed.

5.3.1. Lap Shear Tests. The results of lap shear tests using 2024-Tl

are shown in Figures 23 to 28. The effects of surface treatment on

shear strength in the dry c-diition are shown in Figure 23. 7he

chemical surface treatments yielded much higher shear strengths than did

the medhanical treatmets. The strength using the hos±phoric acid

anodizing treamtnt (PA) was 12.27 MPa. Dry alumina grit blasting (A)

gave the highest strength of the mechanical treatments, 8.23 MPa.

Mien the DA treatment was followed by a PA treatment (DAPA) the

bond strength increased to 13.86 MPa. Failure occurred cohiesively and

at fiber/polymer interfaces. 7he appearance of the failed shear

specimens is shown in Figures 25, 26, and 27.

7he effects of moisture exposure on the same surface treatments

are shoan in Figure 24. The exposure caused a moderate drop in the
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chemically treated specimens (frum 12.27 to 9.86 MPa for the PA

specimens), and a sachkhat more severe drop in those with mectanical

treatments. The Specimens with untreated 2024 failed under their own

weight after moisture e•osure.

7he lap shear strength of the 2024/U25 specimens with the Ch

surface treatment is compared in Figure 28 to that of glass/PEEK, J -

TPI, and ARALI-4, all with the same anodizing treatment. The U-25 is

lower than ARALP-4 by about one third.

5.3.2. Rofler Peel Tests. The results of the roller peel tests using

2024 and 8009 are as follows:

(2) 2024/U25. Due to a faulty nitrogen inlet valve, no external

pressure was applied to the first set of roller peel panels during the

cure cycle. They cared only under vacuum pressure, about six percent of

the total pressure required in the standard U-25 cure cycle. nhese

"runid" specimens, using both clad and bare 2024 and the surface

treatments listed in Table VII, were tested in both dry and wet

conditions. A seod set of panels for peel specimens was fabricated

after correcting the faulty valve. These specimens were tested ouly in

the dry condition.

Mie peel strengths exhibited by the "ruined" specimens are shown

in Figures 29 and 30. For all surface treatments in both dry and wet

n.1itions, the peel strength with clad 2024 was two to three ti

higer than that with bare 2024. 7he UT, SB, and CP surface treatments

gave particularly high peel strength, all three exceeding 425 g/rum in
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the dry onrdition. The D, GB, and CA treatments gave the lowest

strength. Moisture exposure weakened the peel strengths with clad 2024

by between 20% (Ur, CP) and 60% (GB, CA), as sh•n in Figure 30.

The peel strength of the correctly processed sec=mns, shown in

Figures 31 and 32, was sctewbat different from that of the "ruined"

specimens. 7he strength of the UT specimens (with clad 2024, Figure

32a) was considerably lower in these specimens, and GB went from the

highest peel strerth to the lowest (451 to 196 gqiu). 7he strongest of

these specJnens with clad 2024 were WA (390 g/ntm) and PA (383 g/n=,

Figure 32b). With bare 2024, however, PA was the weakest, and all

swere between 91 and 212 g/m (Figure 31).

The peel strengths of ARALL-4 and Glare laminates were measured as

well, for comparison. The latter was tested as part of MW CIs

participation in Structural laminates Co.'s 1991 Glare Evaluation

Program. The peel strength of the correctly processed specimens with

clad 2024 are copared in Figure 33 to that of glass/PEEK laminates

(fabricated and tested previously at NAWC- see Section 2.4.4), ARALL-4,

and Glare. ARAIL has the lowest peel strength in the logitudinal

direction, while Glare and the glass/PEEK have the highest.

Figures 34 and 35 shw SEX micrographs of the peeled surfaces for

the correctly processed specimens with clad 2024, and of the ARALL-4 and

Glare specimens as well.

(2) 8009/U25. Figure 36 shows the wet and dry peel strength of

Ur, DA, and PA surface treatments using 8009 alumrin~um. PA was the

strongest at 312 g/am. Moisture exposure caused only a moderate drop in
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srenth. 7*h Peel strengths with 8009 caxared well with those using

2024 (Figure 37); all were coMsiderably higher than with bare 2024, and

just above or below those with clad 2024. SEK m a s of the peel

surfaces are shown in Figure 38.

5.3.3. Tensile Tests. 7he results of the tensile tests at ambient and

elevated t-ipeatures are summarized in Tables IX and X.

(1) 8009 Aluinum. 'he results of tensile tests on 8009 are

shown in Table IX. 7he as-received 8009 had an ambient t-i-erature

yield strength of 452 M1a (65.6 ksi), an ultimate strength of 472 ?Pa

(68.4 ksi), an elastic modulus of 76.8 GPa (11.1 Ksi), and an elongation

at fracture of frcm 9.4% to 14.3%. W=en the specimens were exposed to

3430C for two hours to simulate the laminate cure cycle, the yield

strength inreased to 516 MPa (74.8 ksi), the UTS to 551 MPa (79.9 ksi),

and the modulus to 82.6 GPa (11.98 Msi), while the elongation at failure

decreased to between 2% and 6.3%. Upon further exposure at 3430C, the

yield point dropped slightly, while elongation increased to 4.5%. These

properties are shown graphically in Figure 39.

At -560C, the ultimate strength of the 8009 increased in the As

Received condition to about 645 MPa (93.6 ksi), and in the "Processed"

otndition to about 669 MPa (97.0 ksi). Elongations at failure averaged

about 2%. Due to the unavailability of an extenscieter which could

oerate in the low teIiperature conditions, the yield stress, modulus,

and elongation could only be estimated. The estimated values appear in

Table IX.
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At elevated temperatures, the yield strength, ultimate strength,

and modulus decreased, as eqpected. 7he ultibate strength in the

Processed condition droped to 356 MWa (51.6 ksi) at 204"C (400"F), and

to 295 MPa (42.8 ksi) at 250°C (482F). The strengths for the As

Received specimens were slightly lower. The yield and ultimate

strengths coincided for the Processed 8009 at these higher tao ratures.

Moduli decreased with increasing temperature, but to a relatively small

degree. Elongation of the Processed specimens remained roughly constant

with test tenperature, while that of the As Received ores decreased with

increasing teiperature. Yield strength, modulus, and elongation could

not be accurately determined due to the unavailability of a high

t rature xtenscmter and the necessity of using spring-loaded grips

instead of hydraulic grips above 150-C.

(2) U-25 Comoites. The breaking stress of the U-25 laminates

at ambient temperature was found to be around 1440 MPa (210 ksi), with a

modulus of about 65 GPa (9.5 Msi). These specimens had no tabs on the

ends, so the specimens were clamped in the grips between two sheets of

2024. However, failure still occurred incremntally at the grips. At

1500C, a strength of about 1600 MPa (232 ksi) was measured using thick

sheets of aluminum to protect the specimens from crushing in the grips.

No other tests were ccupleted at elevated teqperatures due to the

difficulty in gripping the untabbed specimens in the -pring-loaded high

t te grips.

(3) 8009/M25 Laminates. The tensile data for the laminates is

shown in Table X. The yield and ultimate strengths of the laminate
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specimens at aubient te--e-Iure were found to be 365 Wa (53 ksi) and

584 Pa (84.7 ksi), respectively. The average modulus was 64.2 GPa

(9.31 Misi), and the elrogation at fracture was 3.42%. 7he stress-straint

Oarve was similar to that for ARAIL (Figure 40).

At -56"C, the yield and ultimate strengths increased to 467 )Wa

(67.7 ksi) and 599 MPa (86.9 ksi) respectively. Modulus increased

slightly to 66.5 GPa (9.64 Msi), and elornation decreased to between 1.3

and 2.4%.

The yield and ultimate strength of the laminates varied relatively

little with teiperatures. The yield steregth was about 312 MPa (45.2

ksi) at 2040C, and then decreased more quickly to about 246 MPa (35.7

ksi) at 250"C. The ultimate strength behaved in a similar manner,

dropping to 493 MPa (71.5 ksi) at 204"C and to 405 MPa (58.7 ksi) at

250-C. Mdulus cold not be determined due to the equipment limitations

described above and the nonlinearity of the strain-stroke relationship

over most of the test range. Elongaticn also could not be accurately

determined, but was roughly 2 to 3%.

S.3.4. A:dal Fatigue. 'The results of axial fatigue tests were as

follows:

(1) 2024-T3 Alinm. Fatigue tests revealed that all of the

surface treatments in Table VII increased the fatigue life of 2024

ccmpared to the untreated sheet. The DA and GB treatments roughly

doubled the fatigue life, from 117,400 cycles (UT) to 227,800 (DA) and

261,100 (GB). The other treatments increased the life to a lesser
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extent, as can be seen from Figure 41.

(2) 8009 Ahumirm. Tests on the 8009 aluminum revealed a nru-aot

stress between 172 and 207 NPa (25 and 30 ksi). Fatigue life of 8009

was found to be slightly inferior to 2024-T3 (tested previosly at MWA)

at higher stress levels, but was better at stresses below about 250 MPa

(36 ksi). The S-N curves for 2024 and 8009 are shown in Figure 42.

(3) 8009/U25 Laminates. Due to the difficulty in achining

laminate specimens and obtaining smooth edges, only the PA treated

specimens yielded useful fatigue data. Me results of fatigue tests on

these laminates are shown in Figure 43. The fatigue life of the

laminates was found to be inferior to that of monolithic 8009 sheet for

a given nominal stress. 7he difference was greatest at the higher

stresses, and less at the lower stresses. Like the 8009 sheet, the

laminates showed a run-aut stress over 172 MPa (25 ksi).

5.3.5. Dynamic Xedbical Tests. 7he results of the EM tests were as

follws:

(1) lunimud Sheet. Plots of storage modulus, loss modulus, and

tanS are shown for 2024 in Figure 44, aid for 8009 in Figure 45. As

expected, loss modulus and tan6 are very low for both alloys, although

the loss modulus for 8009 i substantially around 190" to 240"C.

The storage modulus of both alloys drops rapidly above about 220"C. The

value of tan6 does not exceed 0.02 in either alloy.

(2) ARM&M-4. In the dry condition and in the longituinal

direction, ARAtL-4 shows a peak in loss modulus and tanS around 25"C
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to 120"C, these properties are somewhat lower, though still slightly

(Figure 46). Maximnu tan6 at this temperature is about 0.08. From 60.

higher than in 2024. They increase slightly above 120"C, and then

sharply at 190"C, where the storage mdulus drops off. The dynamic

behavior in the wet condition is similar, except that the peak in loss

modulus and tan6 at 25"C is not present.

(3) 0-25 CIqiosites. As with the ARALL, there is a peak in loss

modulus and tang in the dry longidinal specimens just above 30"C. 7he

peak is Mich larger in the ociposite, ha~ever, with tang z 0.1 (Figure

47). Both properties drop off at higher taqpratures, and level off at

tang z 0.04 or 0.05. They increase sharply again at 220" or 240"C.

Beyond this range tang reaches a maximum value of about 0.28. After

moisture exposure, the longitudinal specimens no longer show the peak at

low temperatures, and the loss modulus and tang are considerably lower

below 180"C than in the dry condition, with tang _< 0.02 (Figure 48).

Above 180"C, both loss modulus and tang increase dramatically, the

latter to about 0.35.

In the transverse direction, the storage modulus is naturally low,

and so too are the loss Modulus and tang. Above 220°C, tang inrases

sharply to about 0.4. The behavior of the moisture exposed transverse

specimens was similar to that of the dry ones. A plot of one of these

tests is shown in Figure 49.

(4) 8009/U25 Lmduates. In the longitudinal direction, the dry

laminate specimens showed a tang between 0.02 and 0.04 up to 240"C, and

a peak of 0.26 at 280°C. Storage Modulus decreased sharply, and loss
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sbeda in a similar marner. It was found that when several

=xdulUs increased, above 2400C. Mis is shown in Figure 50. 7hu wet

tests were run ane after the other under the same conditions usirq the

wet specimens, the storage modulus increased in each test until it

reached the value measured for the dry specme. At the same time, in

both wet and dry specimens, the temperature at which the aximum loss

modulus and tan6 occurred increased after several successive tests by

about 209C.

In the transverse directicm, tanS rose from about 0.03 below 240"C

to about 0.32 at 280"C (Figure 51). After moisture exposuzre, the value

of tan6 was slightly higher at low te-peratures, about 0. 4 to 0.6.

5.3.6. Chemical Resistanoe Tests. The results of the three-point bend

tests are shown in Table XI. Large variations in maxim= load were

found frum one specimen to the next in sane cases, even for the same

chemical exposure. The mmker of specimens available was insufficient

to determine accurate average loads. Typical load vs. displacement

curves are shown in Figure 52.
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6.0. DIBa3SI=8 .

GA. Lap Sbear Tests.

SED m ticn of the lap shear failure surfaces indicated that

in thO specimens with untreated alumlnsu and all of tbose with

Iedhanical surface tatmreants, failure occrred primarily at the

polymer/aluiiamn interface. This indicated that the shear strength of

the polymer/aluminum bond was less than the shear streth of the

polymer or the polymer/fiber interfaces. Some regicns of polymer/fiber

failure was fourd in the DA specimens (Figure 26a), with shear failure

of the polymer matrix between the polymer/aluminum and polymer/fiber

failure regicns.

The CA and PA specimens (Figures 26b and c) revealed failures

primarily at or near the polymer/fiber interfaces, with cohesive failure

of the polymer matrix between fibers, indicating that the

polymer/alumiMMI bcod was strcner than the polymer/fiber bond. qIhe

appearance of the failure surfaces did not &ange significantly after

MOisture exposure, so it does not appear that exposure to hot/wet

cnditicrs� weakened the polymer/alumrnum bond encouh for failure to

ocur at that interface.

The DAPA failure surfaces (Figure 26d) were dominated by failures

at the polymer/fiber interfaces, with cohesive failure of the matrix in

between. There were also small regins of polymer/aluminum failure.

This was prCbably due to the fact that the initial DA surface treatment

left the surface raoih and uneven, so the failure surface (which is also

78



NAWCADWAR-93079-60

uneven) intersectd the alumiir surface in sme spots. 7he higher

shear strength of these specine therefore results from the

introdtLcicn of large-scale roughness by the DA treatment without loss

of strength in the Subsequent anodizing proceare.

Lap shear tests On ARALP-4 resulted in a "furry" failure surface,

the fibers being pulled apart and shredded by the shear failure Figures

27a). It appears that the epoxy/aluminum and epcay/fiber interfaces are

relatively strong, and that the failure occurs through shear failure of

the fibers. Tensile fiber failures could not be identified due to the

chaotic appearanOe of the failure (Figure 27b), but it appears that most

of the fibers visible have been sheared apart, as suggested by the

nrmerts fine filaments visible in the image.

Figure 28 shws that the lap shear strength of 2024/U25 is lower

than that of ARALt-4, 2024/IARC-TPI, and 2024/glass-PEEK. 2Tis seems to

be due to the low shear strength of the U-25/glass interface campared to

the correspondinIg interfaces in ARAIL and PEEK/glass, rather than

inferior polymer/metal bond strength. Recall that the tests on IA1M-TPI

used an unreinforced film; since the shear strength with a film should

be higher than that using a fiber reinforced prepreg, the

polymer/aluminumu shear strength using the U-25 polyimije is probably

czPUn ablle to that using IARC-TPI, Which is also a tUenxoplastic

polyiMide. This could not be ascertained due to the urwailability of

unreinforced U-25 film.
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6.2. oller mI. Tests.

6.2.1. 2024/25. Pel tests using 2024/U25 revealed that with yt

surface treatments, the peel strenrth was much higher with clad 2024

than with bare 2024 (Figures 29 and 31). In the case of the mechaiical

surface treatments, this is probably due to the lower hardness and

greater capacity for deformation in the pure aluminum coating of the

clad surfaces. For the chemical treatments and in the untreated

specimens, the strength difference is most likely the result of the

greater chemical reactivity of the clad coating. The difference is most

severe with the PA surface treatment; this indicated the need to perform

peel tests using 8009 as well, to determine whether the clad or the bare

2024 was a more accurate representation of the bonding behavior of 8009.

The effects of processing are shown in Figure 32. For most

surface treatments, the peel strength was higher for the correctly

processed panels than for the "ruined" ones. This is not surprising, as

one would expect a low processing pressure to result in poor or

incomplete bonding. However, the untreated and scotch-brite abraded

surfaces d ta higher peel strengths when incrrectly processed.

This occurred because these two surface treatments, unlike the other

recianical treatments, yielded relatively flat surfaces. The high

processing pressures in the correctly processed panels resulted in muc

of the polymer being squeezed out of the panel at the edges, leaving

fibers in contact with the aluminum. The peel strength of a fiber in

contact with the aluminum is essentially zero, so the macroscopic peel
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strength is lower for the higher processing pressure. This did not

ocur in the other mechanical treatments, because their rouh surfaces

retained more of the polymer. In the case of the chemical treatments,

the higher pressures in the correctly processed panels promoted greater

infiltration of the polymer into the porous oxide surface, resulting in

higher peel strengths.

The untreated surfaces yielded relatively high peel strengths due

to the relative smoothness of the surface. This gave good contact

between the polymer and the aluminum, but because of the lack of

m ianical interlocking, the shear strength of the resulting bond is

low. The peel strengths of the mechanical surface treatments can be

justified based on the morphology of the surfaces. 7he GB treatment,

with the large, dish-shaped depressions, has the lowest strength, while

the deep, angular depressions of the alumina blasted surfaces give

higher peel strengths.

Phosphoric acid anodizing gave higher peel strengths than dcrumic

acid anodizing under both processing conditions, and after moisture

exposure, as well (Figure 32b). Chrumic acid anodizing with subsequent

priming gave even higher peel strengths, and it is reasonable to assume

that the PA treatment plus primer would give comparable results.

However, one of the goals of this research is to d:u-strate direct

bonding of the polymer and the aluminum, and the elimination of toxic,

chemically unstable primers. As the peel strength of the PA treatment

alone was good, the elimination of the primer can be considered

successful.
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The peel failures in all of the specimens tested occured at the

polymer/alumiiM interface, as seen in Figure 34, indicating that the

peel strength of the bond is weaker than that of the polymer/fiber

interfaces. This represents a potential area for iprowranent of the

banilng procedure, possibly by etching the polymer surface prior to

laminate fabrication or through izproved cleanliness of the lay-um

procedure.

It can readily be seen from the miIs in Figure 34 that the

peel specIe ontained a substantial fraction of unbcrcw surface.

These appear as smooth surfaces in the micrcgrahs, with some drawn-out

filaments where the polymer was in c=ntact with the aluminum. The

amxmt of urbo-red area is quite high, approaching 10% in sam cses.

These mtbW regiors are the result of incrmplete removal of trapped

gases during the cure cycle. Fran the smooth apearance of the polymer

in the unborded areas, it appears that air pockets were present from the

beginning of the cycle, i.e. the air was not completely evacuated from

the layup.

This is primarily due to the difficulty in transporting all of the

air to the edges of the panels by the cumbination of a vacuum inside the

bag and external pressure. This difficulty is compunded when the

aluminum surface has been mechanically roughened. The panels were cured

without a cover plate on top of the layups; as a result, the edges were

puied together by the eternal pressure, and the top surface of the

oared panel was not quite smooth. This may have contribated to the

trapped gas problem, as well. The use of a thick (say 3.2rm, 0.125 in)
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cover plate on the layups should reduce the amount of unbonded area.

The high level of trapped gas spaces also explains the fact that

the actual density of the laminate was found to be 2.28 q/cxr (based on

the 1.47 m= numinal thickness), about 90% of the "theoretical" value

(recall Section 5.1.5). The mmsured density suggests that the polymer

volume fraction is only 0.055. Tis inplies a fiber loading in the

cured prepreg of 71%, which agrees well with the 73% measured in the U-

25 composite (Section 5.2.2), and an overall porosity volume fraction of

0.178. The latter figure seems excessive, and optical images suggest

that the fiber loading in the fully dense prepre is somewhat less than

71%, i.e. the polymer volume fraction is tore than 0.055. Ihis is quite

possible, since the exact density of the fibers was not krino, the value

of 2.62 representing an upper limit.

Figure 33 shows the peel strengths of 2024/U25 with the correct

processing pressure and in the dry condition ccmpared to ARALL-4, Glare,

and 2024/PEEK/glass. Peel failures in ARAIL occur exclusively within

the fiber layer, i.e. near the polymer/fiber interfaces. It appears

that the failure occurs primarily at the interface, with some shredding

of the fibers (Figure 35a). 7hus the peel medhanismn in ARAML differs

from that in 8009/U25.

In both the Glare and the 2024/PEEK/glass, peel failures occur

primarily within the polymer matrix, with some failure at polymer/fiber

interfaces (Figure 35b). The essentially cohesive nature of these

failures inricates that the peel strengths of both the polymer/fiber and

the polymer/aluminum bonds are so great that they exceed the cohesive
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stregth of the matrix. This has been found to be beneficial in Glare,

but bad in glass/PEEK laminates due to the deleterious effect it has on

the fatigue properties of the latter.

6.2.2. 8009/U25. Based on the peel results obtained with 2024, only

the DA and PA surface treatments were chosen for further evaluation,

along with Ur as a baseline. The DA treatment was chosen for its

potential applicability to field repairs. PA was dhosen, of curse,

because it has the best oibinatio of good bond strength an reduced

WNvrMental risk. A fourth laminate panel was fabricated using the

DAPA surface treatment described previously, but the level of trapped

gases was very high and as a result the panel delaminated badly while

being cut for specimens.

The bond strength of the other specimens was found to be good, and

was not strongly affected by moisture exposure (Figure 36). The peel

strengths measured ccmpared favorably to those using clad 2024, as shown

in Figure 37; thus in future tests with other polyimide systems, the

Peel strength with 8009 can probably be well repr•eset by peel tests

with clad 2024. For these purposes, the low peel strengths measured for

bare 2024 can be neglected.

Microgrs of the peeled surfaces (Figure 38) shaw that, as with

the 2024, failure occurs primarily at the polymer/aluminum interface.

With 8009 aid the PA surface treatment, however, there is evidence of

some failure at the polymer/fiber interfaces (Figure 38c). Again, there

is a significant amoIut of unborded area. There is also a considerable

84



NAWCADWAR-93079-60

amount of "waviness" in the fibers, which was visible to a lesser extent

in the 2024/U25 specimens. This waviness probably represents the

alleviation of residual stresses by crumplin of the fibers. Tis was

only seen in certain locations, and did not appear to affect the tensile

behavior of the laminates.

Based on all of the lap shear and peel test results described

above, the best surface treatment for prmotin good bond strength is

phosporic acid anodizing. It appears that with reasonable attention to

the cleanliness of the surfaces and a one-step etching treatment for the

polymer, wholly adequate bond strengths can be achieved using the

sinplified anodizing procedure and airect-boneu of the themoplastic

to the metal.

6.3. Tensile Tests.

6.3.1. 8009. The tensile data for 8009 (Table IX) is shoawn grapically

in Figure 53. Figure 53a shows the yield and ultimate strengths as a

function of test tenperature, while Figure 53b shows modulus and

elongation versus teIperature.

(1) Abbient Ta ture. The increase in ambient temperature

yield strength and decrease in elongation in 8009 =pon ealing is

shown in Figure 39. This phenomez= has been noted previously in 8009

aluminum, [86,106) and is believed to be due to dynamic strain aging

(MA). MSA in aluminum alloys is characterized by reduced ductility and
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increased flow stress, caused by the ijmobilization of dislocatio by

solute atcrs. [106)

(2) Im Teerature. Ole 8009 aluminum showed a slight increase

in yield strength in both the As Received and the "Processed"

conditio . Mbs is as expected with fcc metals such as alu=i=m, which

tend to sho= a moderate increase in yield strength with decreasing

te ~rature. The strain to failure decreases smmfht due to the

inability of dislocatios to mvVe quickly enough at the low tPFeratur

to ac- - odate the plastic defr on in the forming neck.

An attempt was made to estimate the modulus of the 8009 at -56-C

by measuring strain as a function of the "stroke of the hydraulic ram at

abbient te)perature and using this relationship to infer strain frum the

stroke at the lower tezperature. The -56-C modulus calculated in this

way for 8009 was 70.5 GPa (10.2 Msi), considerably less than the modulus

at ambient temperature, indicating that the technique was not sucLessful

for the 8009 specimens.

(3) Elevated Tsipeatures. The As Received and Processed

specimens showed similar strength-to-teqperature relationships. 'he

strength decreases almost linearly with test temperature, which is in

agreement with results published elsewhere. [86,105,106] The major

differe• between the two was that the As Received material shwed some

strain hardening at elevated teIperatures, and elongation decreased at

elevated t---.ratures, whereas the Processed material showed no strain

hardening, and maintained a constant elongation to failure at must

tecr -atures. The reason for this is the dynamic strain hardening,.
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described above, which takes place in the As Received alloy upon

exposure to elevated temeratures. Both the As Received and Processed

8009 showed a mininm in ductility at 150"C. ibis pbenumenon has been

fourd in 8009 by other resea ers, as well,[86,106] and again is

attributed to dynamic strain aging.

As with the -56"C tests, the lack of an extensozeter for extreme

temeratures made the estimation of yield strength, modulus, and

elongation difficult. This problem was ccpourn% by the fact that the

sprung grips which had to be used above 150"C were less stiff than the

hydraulic ones used at lower temperatures, and also caused problems with

specimen slippage. However, it appears that the light weight of these

grips worked in favor of the 8009 sheet specimens, as strain-stress

calibrations at ambient temperature yielded a relatively linear

relationship, and the property estimates made using this relationship

seem very reasonable. The modulus estimates in particular agree well

with those determined elsewhere. (106)

6.3.2. U-25 Ccmposite.

(1) Anbient Tanpeature. The composite specimens tested at roam

temperature broke at less than half of their theoretical strength

because they were not adequately protected from the grip clanping

forces. The cMrshing of the specimen in the hydraulic grips resulted in

premature fiber breakage at the edge of the grips. Thick tabs are

clearly needed to protect the ends of the specimen; they ware protected

scmuitat between 0.063 inch sheet aluminum tabs, which were scnewhat

87



NAWCADWAR-93079-60

effective, but not enough so.

Even so, useful modilus data was obtained from the tests, allowing

the fiber volm fraction to be calculated based on the theoretical

Mdblus of the fibers. The resulting fraction was about 0.74,, which

agreed well with the 0.73 calculated from optical micrograps. Based on

these values, the theoretical strength of the caqm~,site is about 3390

MPa (492 ksi).

(2) Elevated Teipezatures. Tnsile tests at 150"C revealed the

same need for end tabs as was noted at arbient temperature. However,

thicker pieces of aluminum were used to protect the specimens in these

tests, and a maximpu stress of 1600 MPa (232 ksi) was obtained. This is

still well below the theoretical strength of the composite, but the

estimated fracture energy (see section 6.3.4) suggests that the full

strength of each fiber was reached. [61] In other words, the fibers

reached their breaking strength at different nominal stress levels,

rather than all at the same time.

Testing of the "cnoposite material at temperatures above 150"C were

not cuapleted because, it was found, the sprirn-loaded grips could not

hold on to the specimens, even after the surfaces in the grip section

were roughened. These tests will be attempted again after tabs suitable

for high temperature testing have been added to the specimens. is

will also prevent the premature fiber failure noted in the ambient

ra8re tests.
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6.3.3. 8009/U25 Laminates. The yield and tensile strength of the

laminates are sham as a function of test temperature in Figure 54.

(1) Mabient T-eratur. The ambient t wperature yield strength

of the laminates, 365 M)a, was slightly less than the predicted strength

assuming the naxmii level of residual stress. The linear relatinship

of theoretical yield strength with residual stress level suggests that

the laminates possessed about two thirds of the maximum theoretical

residual stress. It is likely that some of the residual stress was

acommodated by shear strain within the polymer matrix and by waviness

of the fibers as noted previously.

The measured ultimate tensile strength was nudh lower than the

theoretical strength, 584.1 MPa versus 935 MPa. The primary explanation

for this difference is in the failure mode of the laminate. As was

mentioned previously, the theoretical calculation assumed that failure

occurred upon failure of the fibers at their ultimate strength, with the

aluminum layers plastically deformed but intact just prior to failure.

However, this is not the case. The elonations of the laminate

ispecimns at failure averaged about 3.4%, whidi was prox:imately the

average elongation of the 8009 aluminum specimens after being exposed to

the laminate processing conditions. The failure strain of the fibers,

on the other hand, is auf/Ef or just over 5%.

It can therefore be concluded that the laminate fails

catastrbphically in tension upon fracture of the aluminum layers, even

though the stress on the fibers is far below their breaking strength.

This can be explained by considering a tensile test at the instant of
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failure of the aluminum layers. It is assumed that all three aluminum

layers fail sizultaneously and in the same area on the specimen, and

that the effects of necking in the aluminum are negligible. Just prior

to the failure, the specimen's modulus and stvngth is cmstant alang

its length (Figure A1, Appezdix IV(A)). The gage section can be

cosidered to be in equilibrium alcrn its length. Mme tests were run at

a crnstant stroke rate, which was very slow ccepared to the time

required for fracture to occur. Therefore, it can be assumed that

immediately after failure of the aluminum layers, the total elongation

of the specimen is the sae as before failure. 7he specimen would then

have a new equilibrium state, with the total strain divided between the

intact parts of the specimen and the fibers between the broken aluminum

layers (Figure A3, Appendix IV(B)). The length of the latter section

depenzds on how mud delamination occurs upon failure of the aluminum

layers.

As shown in Appendix IV(A), the length change Al in the specimen

prior to failure of the aluminum layers can be described as the original

length 10 times the sum, of the elastic and plastic ccmpments of strain:

Al = 10 (ayI/EL + (au%-ayI)/E L (22)

Imnediately after fracture, Al has the same value, but is ncw divided

between the broken and unbroken segments of the specimen:

Al = 11 [ (ayLal-auI)/Et + (a,97yL)/E'l] + 12 (a2/E2 ) (23)

This derivation is shown in Apendix IV(B). By using various

substitutions and the measured tensile properties of the laminate, the
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stress in the fibers at the instant of alumiu failure can be

calculated as a function of the length of the delaminated zone

surrourndi the breaks in the alUM3nm. These calculation are shown in

Apendices IV (A) and (B) and in Table XCI, and are plotted gra#dcally

in Figure 55.

It can easily be seen in the figure that as the length of the

deamninated zone approaches zero, the stress in the fibers briding the

cracks in the aluminum approaches the theoretical strength of the

fibers. In reality, glass fibers typically fail at 20% to 40% below

their teoretical stregh[61] and there is also additional stress

placed on the fibers by the elastic energy released when the aluminum

fails. Thus if the size of the delamination zone is less than some

critical value, failure of the alumirum layers will result in

cata c failure of the specimen, even though the stress in the

fibers prior to aluminum failure is muh less than their theoretical

strength. Note from Table XII that when the length of the delaminated

zone is zero, the cumplicated equation fram Appendix IV(B) can be

discarded, and the stress in the fibers at the break is simply au/Vf.

(2) Umw T0eeature. The average yield strength of the laminate

at -56 0C was found to be about 466 MPa (67.6 ksi), or about 102 MPa (15

ksi) greater than at ambient temperature. Ths is due to the increased

yield Strength of the 8009 aluminum at this temperature. The 8009 yield

strengths estimated from the load/stroke data does not shaw mKh of an

increase ocamted to anbient tenperature, however. Tis suggests that,

since the strainVstroke relationship used proved inaccurate for
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estimating the modulus for the 8009, it also produced an errneous yield

strength estimate for that alloy.

The expected increase in the laminate's yield strength is offset

somewhat by the increased theoretical residual stress, which can be

calculated frEo Equations (1), (2), and (3), and is shown as a function

of taeperature in Figure 56. In this way, the theoretical m-aximum

residual stress in the aluminum layers at -56"C is found to be 95.5 MPa

(13.85 ksi) tension, an increase of 24.5 MPa aver that at albient

tesierature. By using this value and the measured yield strength of the

laminate in Equation (5), an expected yield strength for the 8009 of

between 605 and 700 MPa (88 and 102 ksi), depending on the residual

stress state, is obtained.

The ultimate strength of the laminate specimens varied

considerably, but two of the three broke soon after yielding began. The

average strength was 599 MPa (86.9 ksi). The fibers did not fail

iumediately upon aluinum layer failure at -56"C as they did at ambient

temperature (Figure 57). This is because the failure strain of the 8009

is lower at low temperatures, and therefore the stress in the fibers

upon failure of the aluminum is lower.

The estimated elastic modulus, 66.5 MPa (9.64 Msi), was slightly

higher than that at aibient teiperature. From Equation 14, this inplies

an 8009 modulus of 86.2 MPa (12.5 ksi) at -560C. This is slightly

higher than the modulus of the aluminum at ambient temperature. It

therefore appears that the technique of inferring strain from the stroke

of the hydraulic ram was reasonably successful for the laminates at

92



NAWCADWAR-93679-60

-560C, even though it was unscessful for the 8009 sheet.

(3) Elevated Tueprature. The yield and tensile strength of the

laminate decreased ucdi more slowly with inrreasing temperature than did

the strength of the 8009 sheet. The reason for this is twofold. First,

as teaperature increases, the residual tension in the aluminum layers

decreases (Equations (1), (2), and (3), Figure 56). Thus at higher

temperatures, the yield point is reduced to a lesser degree by the

residual stress (recall Equation (5)). Second, the modulus of the

aluminum decreases more sharply with increasing temperature than that of

the glass fibers. 7herefore the fibers carry a greater percentage of

the load at higher temperatures, increasing the apparent yield stress.

The effect of a higher Ef/EAI ratio can be seen by noting the arrowed

equation in Appendix II.

The yield strength drops off significantly between 204" and 250"C

as the glass transition temperature of the polymer is approached. At

all tem-eratures between ambient and the Tg, tensile failure occurred

more or less in a brittle manner immediately upon failure of the fiber

layers. At 250 "C, fibers failed one or several at a time over about a

30-second interval (oxrresponding to a 1.3 mm increase in ram extension)

following failure of the aluminum layers. Bending and shearing of the

fibers relative to one another confirmed that the polymer matrix was

above its Tg. The different tensile failure behavior at 250"C was a

result of the loss of stiffness in the polymer matrix. Equation (23)

.and the calaulations in Appendix IV(B) are no longer valid at this

t-eperature, because they assume that the polymer matrix is stiff, and
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does not suffer any shear desformtion. clearly would not be tru

at or above the Tg.

Te ultimate strength behaves in a similar maanner to the y-.eld

strength, with a gradual drooff below 204"C and a more rapid decrease

above that temperature. Unfortunately, the contributicn of the fibers

to the high temperature tensile strength could not be determined because

of the delays in testing the U-25 cmposites.

As was mentioned in Section 5.3.3, the moduli and elconations to

failure of the laminates could not be determined at the higher

tenperatures. It appears that the relatively high loads involved in the

laminate tensile tests, while an asset at lower temperatures with the

massive hydraulic grips, caused excessive settling and forced dcanges in

the aligent and seating of the load train when the light-wight,

sprung grips were used at high teaperatures. The result was the highly

nru-linear strain-stroke relatirship noted at the lower loads. TMs

the elastic and secondary moduli could not even be estimated at the two

highest taqeratures. Both moduli are expected to behave in a manner

similar to the tensile and yield strength, however.

(4) Stretched Lmiate Sq iune. In addition to the above

tensile tests, one additional test was omekuted at amrbient te-perature,

in Aduch the specimen was loaded to a ncminal stress of about 480 MPa

(69.6 ksi) and thn unloaded. Mhis stress was about 120 MPa (17.5 ksi)

above the specimen's yield point, and represented a total permanent

strain (as measured from the stress-strain diagram, Figure 58 of about

1.41%. The residual stress in the aluminum layers was altered acoording
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to the equation:

AOres.Al E A (24)

tAhreu is the strain of unloading frCm 480 Ma (-0.00878, as measured

from the at, oss.-st . diagram), and Aares.M represents the diange in

stress fro the tensile yield stress of the alumnu. Thus the

theoretical change in stress in the aluminum is -725 MPa, giving a

residual stress ý&en the specimen is unloaded of 516-725 MaP or -209 M!a

(-30.3 ksi, coxpressicn) in the aluminum. Equation (4) is still valid,

so the corre residual stress in the fibers would be 978 Ma (142

ksi) tension.

The residual coupression in the aluminum layers would be exoected

to increase the yield strength of the laminate. In fact, using

Equations (5) and (7), the new yield strength should be about 563 Mwa

(81.7 ksi). The actual yield strength after stretching was measured at

about 490 Ma (71 ksi); the difference was prdDably due to the

---- ix•ation of part of the residual stress by shear in the polymer

matrix and stress relaxation in the aluminum. Based on the predicted

and measured yield strengths above, and the theoretical yield strength

in the absence of residual stresses (•IIxBix, anproimetely half

of the residual stress appears to have been a muodated in this ramner.

Mhe stress-strain curves for both the initial stretch and the subsequent

tensile test are shawn in Figure 58.

The ultimate strength of th stretched laminate specimen was not

affected by the stretching procusdur-e. Qmapared to ustredd

specimens, the elongation was reduced by the aproximate amount of the
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initial stretch, from 3.4% to about 2.1%. The elastic modulus inrased

about 5% after stretcchuig, probably due to som strain hardenirg in the

aluminam.

6.3.4. ,ansdle MV zb Enexgies. Thework absorbed by the speci

in the tensile tests was determined by graphically lntatII!-q the

stess-stroke curve to obtain the area undler the curve. 7he stroke was

used instead of the strain in order to obtain the total energy for

failure rather than just the energy per inch of gage section. The

resulting energies were normalized by the cross-sectional area of the

specn1ns. The resulting values have the units of M/= 2 (ft.lbs/in2 ),

and are summarized in Tables XIII and shown graphically in Figure 59.

At ambient taintratire the highest failure energy per unit area

belongs to the As Received 8009, followed closely by the 8009/U25

laminates (Table XIII). The failure energy of the "Processed" 8009 is

rouhly half that of the laminate, though. The higher energy of the

laminate is due to the very high fracture energy of the glass fibers,

'wich even with a laminate failure strain of only 3.4% amounts to nearly

6.8 Ntn 2 (over 3200 ft.lbs/in2 ). The theoretical fracture energy of

the U25 composite, based on the theoretical UTS and failure strain, is

about 9.55 NW-/in 2 .

All of the materials showed a decrease in fracture energy at -

560C. Over the temperature range -566C to 2500C, the fracture energy of

the As Received 8009 first increased with temperature, but then

decreased at the higher tenperatures as dynamic strain aging occrred.
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7ls Processed 8009, which represents a much mome stable micr.structure,

dxkd a genral increase in fractur energy with ta. eIatur. hBis is

due to the increased mobility of dislocaticon at higher t:ia Itues.

The fracture energies of the laminate s were nearly onstant

over the entire te Merature range, except at -56"C, where the greatly

reftmd toughness of the Pressed 8009 resulted in a substantial

reduction in that of the laminate, and at 150"C, where dynamic strain

aging resulted in premature fracture in both the laminates and the 8009

sheet.

The failure energy of the U-25 oauposite at 150-C was found to be

7.31 N/n 2 , which is just over three qaters of the theoretical

fracture energy at ambient %TMrerture. As was mentioned above, this

sgests that the full strength of the fibers was cbtained, especially

when it is recalled that fibers typically fail 20-40% below their

theoretical strength. [61]

6.3.5. Summary of Te•sile Properties.

The tensile behavior described above demonstrates the excellent

potential of high temperature laminates from a strength point of view.

The variation of strength with i ture is much less pronouced than

with the monolithic HIT alloy 8009. This is because of the contribution

of the fibers to the tensile prcperties. The glass fibers do not yield,

and the reduction of their theoretical ultimate strength at elevated

teeratures does not appear to affect the tensile proerties of the

laminate, since failure is generally controlled by the alutmi mm layers.
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At the sam time, the decrease in fiber modulus with increasing

t-eerature is less than that of the alumina, so the fibers carry a

larger fraction of the load at higher t-_peratures.

7e laminate tensile properties are very promising for another

reason, namly the dramatic increase in yield strength with post-

stre i. The degree to which post-stretching can be used to inpre

the yield strenth in high I.perature laminates is not clear, khxver,

because as temperature is increased, the residual compression in the

aluninum which results from the stretdchng will be increased by the

aditional thermal expansicn-irriuce compression. leile there is little

danger of exeeding the coapressive yield strength of the aluminum,

there is the possibility of shear fatigue or shear failure in the

polymer binding the aluminum and fibers together. Ths possibility

would have to be examined experimentally, such as by performing shear

fatigue tests, to determine bow mach post-stretching can be tolerated by

the laminate.

In considering high texmperature laminates, the applications for

which they are intended must be kept in mind, as it is the applications

which define the critical properties. Sheer strength is usually not the

most important property for a laminate. From this point of view, the

8009/U25 laminates have dem-nstrated good tensile properties which are

wholly sufficient to justify further research into thermoplastic-based

high texperature laminates.
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6.4. Aida Fatigue.

6.4.1. 2024-T3 Alnuinim. The fatigue life of 2024 is increased by

surface t-eatent as showm in Figure 41. For the three grit blasting

treatments, this is due to the shot-peening effect; the blasting procs

causes plastic deformaticn in the surface of the aluninum, which results

in a residual compressive stress at the surface [66]. Since t

fatigue cracks initiate at the surface, the time required to initiate a

crack is increased.

7he sootdi-brite (SB) surface treatment was less effective,

because it does not produce a uniform coxpressive stress at the surface

as do grit or bead blasting. Most of the increase in fatigue life in

these specimens was probably due to the removal of pre-existing surface

cracks and flaws. The increased fatigue life in the chemically treated

specimes may be due partly to the creation of a hard oxide coating on

the specimen surface, and partly to the blunting of pre-existing cracks

by the chemical dissolution of the surface aluminum.

6.4.2. 8009 Alumimnl. Figure 42 shows that the fatigue life of 8009 is

less than that of 2024 at high stresses, but greater at lower stresses.

At lower stresses, fatigue life is dcminated by crack initiation,

uitereas crack propagation is ddminant at higher stresses. [66) Te

longer life of the 8009 at low stresses suggests that it is more

resistant to crack initiation than is 2024-M3, but less resistant to

crack prtpagation once a crack has formed. This may be due in part to
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the fact that the 8009 fatigue specimem were tested in the As Received

onrdition, and so were softer and "Yre ductile than the Processed 8009.

Fatigue tests have rot yet been performed on 8009 in the Processed

cmidition, but it is reasonable to assme that its fatigue resistance

will be less than that of the As Received alloy.

6.4.3. 8009/M25 •aminates. Fram the results of fatigue tests on 2024

with various surface treatmnts, and from the discussion of laminate

fatigue properties in Section 2.2.4, the fatigue life of the laminate

should be greater than that of the 8009 sheet at any given stress level.

However, Figure 43 suggests that this is not the case. 7he explanation

for this lies in the fact that the stress levels used in the tests and

showm in the figure represent nomiinal stress levels in the laminate, not

the true stresses in the metal layers. 7he true stresses must be

considered in order to appreciate the effectiveness of the laminating

technique in increasing fatigue resistanc, and the potential fatigue

properties of this particular laminate.

The true stress in the metal layers is given by Equation (12).

7he stress in the aluminum would be expected to be higher t1man the

rxmuinal stress in the laminate because of the presence of the polymer

matrix, wdhich does not contribute significantly to the strength, and the

fact that the fibers have nearly the same modulus as the metal.

Neglecting residual stresses for the moment, the metal:laminate stress

ratio is 1/[VAl+(Ef/EA)Vf]. Note that, by rearrarum_ the terms in

Equation (12), this ratio is equal in theory and experiment to the ratio
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of the moduli of aluminum to laminate. Using the prdertie etermine

from the tensile tests, t1es ratios are found to be equal to 1.285. In

other words, assuming no residual stress,

aA1 = 1.285 oL. (25)

If the residual stress in the aluminum is now considered, the true

stress in the aluminum is even higher, sine a is tensile. The

maxiMUnn Uteoetical residual stress is 71 MPa, as calculated in AppaUx

I. ¶tas the uqer limit for the true stress in the alunimnu layers is

aAl = 1.285 0L + 71, (26)

jhile the lower limit is represented by Equation (25). Table XIV lists

the values of am correspondng to L ver a range of fatigue stress

levels, along with the associated Ao and R-ratio values. This data is

showmn graphically in Figures 60,61,and 62.

From the figures and the data in Table XIV, it is clear that the

lower-bcurd true stress in the aluminum (i.e. assuming no residual

stress) is substantially higher than the numinal stress, the difference

being greater at higher aL. The miniuzm stresses increase

Prprticnally with the maximnn stress, namely by a factor of 1.258.

The mean stress and stress range increase by the same factor. The R

ratio, however, remains 0.1 at all stress levels.

Mten the mximnum theoretical residual stress is considered, the

maximm and minium stresses and the mean stress are all increased by 71

M-a. As a result, the stress range AO is the same as it is for the zero

residual stress codition. The R ratio, however, is dcanged drastically

because both omax and Fminhave inrased by the same 71 Pa. lbs

101



NAWCADWAR-93079-60

inceases in Aa and aman are greater at high nominal stresses than low,

and the R ratio decreases at higher stresses. In other words, the

fatigue conditions in the laminate cuxpared to those in the 8009 are

relatively worse at higher stresses than at low, and therefore the

laminate S-N curve should be flatter than the 8009 acrve. As Figure 43

skaws, this is in fact the case.

Figure 63 Shows the data from Figure 43, plus two additional sets

of data r the "nominal" laminate S-N data corrected for the

true stress in the aluminum layers. The middle curve represents the

true S-N response of the aluminum assuming no residual stress, while the

uPer curve assumes the maximm theoretical residual stress. As was

nioted in Section 6.3.3 for the yield response of the laminate, the

actual S-N response of the aluminum in the laminate lies scuavhere

between the middle and upper curves, depending on how much residual

stress is actually present.

For the laminate specimens, the actual values of amax, amin,

amean, and Aa are all greater than the nominal values, while the R ratio

is higher than the nominal. As a result, the contribution that the

fibers make to the fatigue resistance of the laminate can not be

determined by comparisons with the 8009 data. Nonetheless, it can

easily be seen from Figure 63 that based on the true stress in the 8009,

the fatigue response of the aluminum cmpmwnt was greatly imred by

Ir orporatiM it in a laminate. Despite the fact that the true stresses

in the almimu were audh worse than the nominal stresses, the fatigue

life of the laminate was reasonably good compared to the monolithic
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8009. This suggests the possibility of achievirn superior fatigue

prcPertiles in the laminate by scebw reducing the true stresses in the

aluminum relative to the nominal stresses. Tiis can be done in two

ways.

Te first way is to design the laminate so that more of the load

is carried by the fibers. This can be done in a rumaer of ways, such as

(1) increasing the fiber volme fraction; (2) inareasing the total

thickness of the polymer/fiber layers relative to that of the aluminum;

or (3) replacing the glass fibers with higher modulus fibers, such as

carbon. These changes must be done with care, however, as all will

likely increase the residual tension in the aluminum (see Equations (1)

and (4)), which would shift the S-N curve downward.

The seccod way to inprove the fatigue resistance is to reduce the

residual stress in the aluminm layers by post stretching. Again, this

must be done carefully, as reducing the residual stress also increases

the R ratio, again decreasing the apparent fatigue resistance. These

two tedhniques can be used in ccibination to achieve the greatest

possible fatigue resistance. Some optinmn condition must be found where

the sum of all the positive and negative effects are maximized. If the

relationships between the stress conditions and R ratio and the fatigue

life are known for the metal, then the optimum conditions for the

laminate can be determined. Otherwise, the fatigue life of the laminate

must be determined experimentally as a function of fiber modulus and

volume fraction and residual stress state.

If the laminate is intended for a fatigue-critical application,
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the above problems can be avoided to sam extent by using a compliant

polymer or a film layer in between the polymer/fiber and metal layers.

This would allow most of the residual stresses to be a-cxmodated by

shear deform-tion of the polymer, thus allowing the use of a high volum

fraction of high modulus fibers without exoessive residual stresses or

the need for pcst-stret&-ing. Securely fixing the layers together at

their ends would present a problem, however.

6.4.4. 8009/U25 Lamiates: Residual Strenth. Following the fatigue

failure of the aluminum layers, the laminate spcimens were tested in

tension to determine the residual strength of the unbroken fiber layers.

Ideally, the failure of the aluminum layers would not cause any fiber

damage, and the residual strength would approach the theoretical

strength of the fibers. However, as the data in Table XV shows, this

was not the case. The tensile failure loads show no relationship to the

stress levels in the initial fatigue tests. Rather, the residual

strength varies widely at all fatigue stress levels.

The calculated stress in the fibers at the maxium load varies

from 0 to 28.2% of the theoretical strength of the fiber layers. As can

be seen in Figure 64, the failure energies- the area under the carves-

also varies greatly. In addition, the naixin load is followed by a

number of peaks at progressively lower loads. 7hese observations

First, the latter fact irdicates that the fibers are not uniformly

loaded; rather, there is a range of loads on the irdividual, fibers or on
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clusters of fibers, and each fiber or cluster fails as it reaches its

cm particular failure stress. Thds explanatian is sum orted by

csrvations made for tensile tests cn the U-25 caaposites, and by the

mcio .gra in Figure 38, uich show that saw of the fibers aear

straight while others are obviously not. Under stress, the fibers -whic

were initially arched or twisted may only have a small load on them

while the initially straight cries may be near their failure stress. A

higher degree of anisotropy in fiber loading would result in a lower

maximu load to failure, but a more extended failure, i.e. a greater

total elongation to the last fiber failure.

Te secori thing which can be inferred fron the residual strength

data is that the fatigued specimens have widely varying amuunts of fiber

damage at the termination of the fatigue test. 7he souroe of the damage

may have been overloading of some fiber clusters due to the anisotropic

stress distribution described above, or it may have resulted from

cutting or abrading by the fractured ends of the aluminum layers (the

fatigue machines shut off autaiatically when all thtep aluminum layers

were broken, but due to the uantum of the motor and crank assembly,

the machine took about 200 cycles to cme to a stop). The fracture

energies (i.e. the areas under the residual strength curves) were riot

calculated, but is prcoably reasonable to assume that the specimens with

the highest residual strength were relatively free of fiber damage. The

specimen with a residual strength of zero, obviously, suffered ccmplete

fiber damage.

It was mentioned in Section 2.2.4 that the length of the
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delaminated region around a fatigue crack was very nrprtant to the

ability of the fibers to bridge the cracks in the adjacent aluminum

layers. An estimation of the size of the delaminated zone can be made

frca the load-displacemnt plot. At the point of the first fiber

failures, the theoretical strain cuf on those fibers is Ouf/Ef. Fro,

the load-displacement curves, the approximte change in length of the

fibers within the delaminated zone, Al, at the maxim= load P is equal

to P divided by the stiffness S (in N/m or lbs/in). It can be seen that

the delaninated length 1 of the fibers at the instant of fracture is

given by:

1 = Al/euf = PE/oS (27)

By using the Al value for the first fiber failure and that for the

final failure, the minimum and maximm delamination lengths can be

estimated. 7his was done for all of the fatigue specimens tested for

residual strength (see Figure 64, for exaple). The results are listed

in Table XV. 7he miniMum values ranged from 16.5 to 34.3 mam, while the

maximum delamination lengths were from 29.5 to 60.7 mam. If the average

delaminaticn size for each specimen is assumed to be appnrdmately the

average of the mini=um and maximm values, the resulting average

delamination sizes vary from 25 to 46 m, with a slight increasing trerd

with increasing fatigue stress. This suggests that while the amount of

fiber damage suffered during the fatigue tests varied, the size of the

delaminaticn zone is sensitive to the fatigue stress level.

It should be noted that the delamination lengths calculated from

residual strength tests are not those present in the laminate during
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fatigue crack growth, but after the relatively severe stress ccrditicns

omyumtered during failure of the aluminum layers and rw-dam of the

fatigue machine. It can be assumed that the size of the delamination

during fatigue is substantially smaller than the values in Table XV.

The fact that the specimens did rot delaminate cuIpletely upon failure

of the aluminum layers is encoraging, indicating that the polymer/metal

bond strength is sufficient for fatigue applications. The bond could be

made stroe, hmoever, without causing fiber overloading due to

insufficient delamination (a situation encotered in earlier

experiments with 8009/PEEK-Glass laminates).

6.4.5. 8009/U25 Laminuates: Post-Stretched Fatigue. In order to

determine the effects of post-stretching on the fatigue properties of

the laminate, some laminate pieces were stretched in the m1S hydraulic

test system prior to being machined into fatigue specimens. Frtom the

stress-strain plots of tensile specimens, it was estimated that a strain

under load of about 0.010 would approximately reverse the residual

stress state in the laminate. The specimens were therefore stretched to

this value of strain, and were then unloaded. The average stress

required to reach 0.010 strain was about 390 MPa. Upon unloadirn, the

residual strain in all specimens was 0.0035. Using Equation (24), Ae

was 0.0066, and the resulting AOAl was 545 MPa. The residual stress in

the aluminum was thus 516-545 or -29 MIa (-4.2 ksi, coupressive). This

represerts a change in the residual stress in the aluminum of -100 Ma

(-14.5 ksi).
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The resulting true stresses in the aluminm layers urder various

fatigue loads are shown in Table XVI and in Figures 65, 66, and 67.

From these figures, and by oCMar2M the data in Table XVI to that in

Table XIV, the effect of post-stretching can clearly be apprecited.

The mwxidn, minium, and man loads are all reduced by 100 ma; the

load range remins the same. Howe, as shown in the Table and in

Figure 67, the R ratio is reduced to well below the rxdnal 0.1. The

true aluminm R ratio is the lowest, -0.151, at the lowest stress

levels, and increases to 0.020 at higher stresses. 7Tus below a maxium

stress of about 220 MPa, the alumirm layers are actually experiencin

tension/crnression fatigue cycling.

Recall that without post-stretching, the R ratio in the alumnum

was higher thn the rminal 0.1 due to the residual tension in the

alumnumi. After post-stretchm, the R ratio is redued because the

residual stress in the aluminm layers is compressive. The lower R

ratio represents more severe fatigue carittians than without post-

stretching; however, the mean and max==u stresses are much lower. The

latter cornition was expected to have the greater influence on fatigue

life, and in fact this was found to be the case.

Due to the limited number of specimens available for post-

stretdIed fatigue testU9, tests ware run only at 207 Mla (30ksi)

nominal mXimUu stress. Figure 68 shows the data frM Figure 43 with

the "207 MIa Post-StretChed" data added. The i provement in fatigue

life is inmediatey vaamrent. By the use of a crnA5 post-stretdinr

treatment, the fatigue crack initiation life of the laminate at the same
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nauinal stress was increased by a factor of at least 50. The fatigue

curves are relatively flat, however, and so the 107 cycle run-out stress

increased only about 34 Ma ( 5 ksi), ccmpared to the estimated 100 MPa

decrease in true stress in the alumimi. In other words, the actual

effect of the post-stretching was only about oe third the expected

effect. 7his can probably be attributed to uneven stretchir due to the

cnrodey otrolled post-stretching procedure employed. Even so, the

inprovenet is substantial. By using a carefully crntrolled stretching

procedure such as that perfected for ARALL, [108,109] there is Mo reason

why a cxuparable or better level of fatigue resistance can not be

gin standard prodction runs of the high m e laminate.

6.5. Dynamic Yechanical Tests.

As expected, the tanS values measured for the U-25 cxtposites and

the 8009/U25 laminates were higher than those for 2024 and 8009

aluminum. The presence of a non-crystalline polymer in the laminate

guarantees that tan6 will be greater. Ihe amount of polymer present is

relatively small, ard its elastic modulus is very low cupared to the

aluminum and fibers. Therefore, the effect of the polymer in the

longitudinal direction, where isostrain -rcKitions prevail, is

relatively small. On the other hand, if the laminate coxuld be tested in

the thickness direction, the effect of the polymer and thus the value of

tan6 would be much greater due to the isostress conditions which wouzld

prevail in that direction. In the transverse diretion, tanS values

would be intermediate between those in the other two directiom because
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of the isostress ocrditicns existing between the polymers and fibers.

Tis sujests that while the laminate would have superior

vibration damping haracteristics compared to monolithic alumiurm,, its

damping ability would be the greatest for vibrations passing through its

thickness direction, e.g. sound waves. Applicaticns such as engine

shrouds and firewalls therefore seem ideal for the laminate from a

damping point of view.

The large peak in tan6 in the composite and laminate specimens is

the a-transition peak, i.e. the glass transition peak. ghe tans peaks

Va-FY from 220" to 280"C, depending on the test conditions; most were

from 240" to 275-C, somewhat higher than U-25's advertised 233"

transition texperature. It is not known whether the difference is due

to test frequency effects or some chemical or processing factor. It was

clearly seen, however, that successive tests on the same specimen caused

an increase in the Tg of about 200C. This is most likely due to the

ccuarrence of scome cross-linking in the ideally linear polymer with

repeated heating. (95)

It was also noted that the storage modulus of the laminates

decreased upon moisture expsure, and then increased gradually with

repeated heating until they returned to their original level. Ths is

probably a result of the absorption of a small amount of moisture by the

polymer matrix; this would decrease the stiffness of the polymer,

allowing matrix shear which would reduce the elastic contribution of the

glass fibers. Upon heating, the moisture is driven off, and the

stiffness of the polymer is restored to its original level.
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6.6. icba1l .l uistanMe Tests.

Due to the large variation in bend strength of the As Processed

laminate specimens, no accurate assessment can be made of the effects of

chmical envircnints on the laminate. Methanol and jet fuel had no

discrnable effect on bend strength; methyl ethyl ketone appears to have

had a slight effect, as did the paint stripper. Ihe latter was an Eoon

product containing "solvent G", and was based on arcmatic hydrocarbom

with a flashpoint of 150"F. It is worth noting that all paint strippers

used by the U.S. Navy are screened to eliminate those which attack

polyimdes. [110] 7te apparently good bond stre th retention after salt

fog + S02 exposure is encouraging," especially conidering the

relkatively severe pitting and corrosion in the cuter aluminum layers.

Overall, the dihical resistance of the laminate is exmcellent.

Sealing the edges would still be advisable, hmwer, as one can never be

certain what types of environmental attack might be enacuntered over

years of service. Of special concern would be the effects of long-term

environmental exposure accompanying cyclic loading of the laminate,

whidc could cause delamirnaticn at the edges of the laminate sheet.

Sealing the edges would help prevent this from occurring, resulting in a

level of environmental resistance essentially equal to that of the metal

layers in the liaz'inate.
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7.0. 06W

7.1. o009/MS Iiuates.

7e major prioblem enrmtered with this laminate system is the

relatively high level of trappd gases in the cured panels. he

resulting porosity is --Iastoml de ntri al to the lap shear

strerngth and peel stmrenth of the polymer/aliuninzu ben, and prrkably

detracts from the fatigue resistance of the laminate as well. 2his

Problem can probably be alleviated by using a thick over plate to

insur that the alumiimn sheets in the laminate remain perfectly flat

durig processing, and that the edges do ot, pinch together.

In general, the bond strent achieved was accetable, especially

considering the siMple surface preparations used and the relatively

dirty mawir in which the panels were haniled prior to curing. 7he bond

strength can probably be iqzav~edl slightly by inprovirM the cleanlins

of the precure handling.

7he medianical properties of the laminate were guurally very

good. lbe fatigue resistance and strength were not as good as those for

ARALL, but the 8009/U25 properties are stable to higher teip-eatures.

Post-stretchig was found to iuprove the yield strength and fatigue

resist e of the laminate.

7.2. Drplioatiows for Future Nigh Tuierature Lmdnmatms.

Based on the results cbtained in this research, it appears that

high tpEIrare laminates (Ims) based on polyimides (partia•larly the
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theruopiastic variety) hold considerable promise for future U.S. Naval

aircraft applicatiots. While the laminate system studied has an uiper

use t-ME.rature of only about 210"C or slightly higher, it is believed

that it provides a good repr tin of the processing tkracteristics

and potential prqoerties of future laminate systems with higher use

t a res.

The elimination of volatiles and trapped gases will probably be

the biggest obstacle to the development of laminates for higher

t IMature applications, especially if thermsetting polymers are used

(recall fruM Table VI that among the currently envisioned polymer

systems the thermosets have the highest use te eratures). It appears

that future high t erature laminates can be fabricated using

simplified and enviromentally safe surface preparation techniques.

This will help reduce fabrication costs and improve the repairability

c1haracteristics of the laminates.

Ihe laminate system studied here has several limitations. One is

the poor machinability of the 8009 aluminum. Another is the relatively

low yield strength and modulus which results from the use of glass

fibers. These properties could be increased dramatically in future HTIs

by using carbon fibers. Potential proerties can be predicted using the

equations appearing in previous sections and in the Appeidicies. lse

use of carbon fibers will introdce" several other prublems, however.

For irstanCe, there is the possibility of galvanic corrosion if high

te-ratre aluminum is retained. In addition, the difference in CTE is

substantially larger for aluminua/carbon than for alumim/mVglass, and
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the result will be greatly increased residual tensile stresses in the

aluminum. C 4aulaticm reveal that these stresses ray be high engh to

cause fiber hbukling or shear failure at the polymer/metal interface

even before a post-stretching qperaticai can be performed. The residual

stresses will be even higher if higher processing tmiperatures are

required for curing.

Because of the problems described above, it is likely that future

laminates for applications requiring high strength and stiffness will

probably be based on titanium sheet rather than aluminum. This will

allow the use of very high modulus carbon fibers without excessive

residual stresses. The higher density of the titanium will be offset to

same degree by the low density of the fibers. Overall density will be

significantly lower than that of monolithic titanium, and specific

prcperties will be better.

Alumirmmvglass Ha will prove useful for many applications,

especialiy where intermediate strength levels, light weight, and good

damping caracteristics are required. Their damage tolerance, burn-

through and lightning-strike resistance, and fatigue resistance are also

superior to monolithic metals. There is a wide variety of potentially

useful metal/polymer/fiber ccmbinaticns, and the selection of these

crxIoemts will depend primarily on the applicaticns for which the

laminate is intended. 7he metal/fiber laminate concept has been well

proven at low tqperatures by ARALL and Glare, and this research has

provm that high tonerature laminates are prCUUising as well.
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8.0. FU, nU]Icm

[he conclusions drawn from this researdc are as follows:

1) Adeqpate metal/polymer bond strength was obtained using siqplified

and ewl---cnntally safe aluminum surface preparation techiques. Ths

can probably be Mwroved by inroing the cleanliness of the procedure.

2) Mhe bond strength between 8009 aluminum and the polymer prepre can

be reasonably 4 using clad 2024.

3) 7he lack of a cover plate during processing resulted in high levels

of trapped gases in the cured laminate panels.

4) Good tensile and fatigue properties were obtained with the 8009/U25

laminate system.

5) Post-stretaing can sbstantally increase both the yield strength

and fatigue resistance of high teIperature fiber/metal laminates.

6) The methods and equations used to predict the medcanical properties

of the laminate were generally very accurate.

7) The techniques described herein provide a useful basis for the

development of laminate systesS for use at te1peratures over 300-C.
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'mumJ z.

ARXLR Variants. [18,64)

Cure
Variant Alloy Tem. Stretdwd

APAIL-l 7075-T6 121"C Yes
ARALr-2 2024-T3 121"C No
APAML-3 7475-T76 121"C Yes
ARALL-4 2024-n8 176"C No

MR= lie

GlareR variants. [30]

Fiber
Variant Alloy Direction Stretched

Glare-i 7075-T6 0" Yes
Glare-2 2024-T3 0 No
Glare-3 2024-T3 0 (50%) No

90" (50%)
Glare-4 2024-T3 0 (70%) No

90- (30%)
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Th= in.
Forms of Ervircumental Attack

Metals: oxidaticn Emirorment Assisted Cracking (stress
Liquid Corrosion carrossiQn, c~orson fatigue,
Radiation Effects ljijAiidgaseCus aibrit )

Ceramics*: oxidati" '/Rici.ti.n E ,virucuMrt Assisted Cracking
Liquid comrion Thermal Shock
Radiation Effects Erosion

Polymers: Oxidation Ewirramnt Assisted CrackiM
Moisture Absorption Thenu] Instability
Radiation Effects Ultraviolet Light Degrdation
Solvents Erosion

omqposite Materials: All of the above Galvanic Corrosion
7hermal Fatigue Borxline Corrosion

*- includes ceramics, -ntermetaliics, and covalent materials.
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2 iR XV.

Cardidate Metals for High T erature Laminates. [86,105,106,111,112]

Metal Teup. Strength Fatigue/
(-C) & adulus To•hess Eavir. Cost Dens.

8009 370 good fair good poor 2.9
•r78 350 good fair good poor 3.0

Ti 350 good fair e ent poor 2.8

Pure N.A. poor excellent excellent good 4.5
6A1-4V(q) 400 excellent good eellent good 4.5
(aged) 400 good excellent good 4.5
6A1-6V-2Sn 400 excellent good good ? 4.6

low alloy 350 exmollent good good ex. 7.5
Ni-steels 800 excellent excellent emellent good 8.5

Be-Al* 315 excellent good/fair good poor 2-2.2

* - Beryllium alloys have a severe toxicity problem which is also a

ujor issue in their use.
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2=mz V.

Candidate Fibers for High Terperature Linates. (61]

•.paabiity
with

Fiber Strength Mdulus metals ElF gtiOn Cost Dens.

S Glass ecellent poor good excellet ex. 2.5
Astroquartz excellent poor good excellent poor 2.2

IOW Modulus (AS-4, IM-6, T700, etc)
exmellent good fair good good 1.8

High Mdulus (P-75, P-l00, etc.)
good excellent fair poor good 2.0

FP good good excellent poor poor 3.9
Nextel 440 good good excellent fair poor 3.1

SCS-2, -6 excellent excellent good poor poor 3.0
Nicalcn good good excellent good poor 2.5

exellent e llent exsl1ent poor poor 2.5
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SB'JI:.

..aL-a,' volitiJe cost/
Polyemr Capability Ta4mo w Toxicity ( -ntmnt Avail.

PMR-15 340"C fair poor uoclerate poor
AFR-700 >370"C fair poor Ierate poor
Bimaleinides 230-2900C poor good low good
IARI-RP46 >3706C fair fair/poor moderate ex.
PT >3700C poor "excellent low gad

U-25 2450C good good low poor
LARC-T 2500C good good low poor
N M ? good good low poor
uc-CM ? good good low poor

Avamid-K 240-2800C exmllent poor Iderate poor
Avamid-N 350"C good poor kmderate poor
PEK (cryst.) >300oC exceent ellent low good
Padel C 2600C excellent good low fair
Torlon 275"C excellent good low good

130



NAWCADWAR-93079-60

SaavJz.

Alumimn Surface Tdatments.

Surface rap Roller Peel
Tetzment Shear 2024 8009 Tensile Figue

Untreated (Cleaned) yes yes yes no yes

Untreated (Dirty) no yes no no no

Dry Alumina Grit yes yes yes no yes
Blasted

Wet Alumina Grit yes yes no no no
Blasted

Glass Bead Blasted yes yes no no no

Scotch-Brite Abraded yes yes no no no
(±45")

C rcmic Acid Anodized yes yes no no no

C1rcmic plus BR-35 yes yes no no no
Primed

Ac Acid Anod. yes yes yes yes yes
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,Tmz yIn.

Chemical Emironments Tested.

Duration~ of
Envirezmenit ]bqi a mar a

As o

Methanol 100%, ambient teup. 1 week

Methyl Ethyl Ketone 100%, ambient teap. 1 week

Jet Riel (JP-5) 0oot, arbient tap. 1 week

Aircraft Paint Stpipper 100%, anbient teap. 1 week

Salt Fog + S02" 95"F, 95-98% R.H. 6 days

* - S02 gas was injecte" for 1 hour every 6 hours, at a rate of 1 CA3

per zininte per ft of box volume.
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Thm Ix.

Tersile Prcperties of 8009 Aliminum

Yield Ultimate Elastic Failure
Test Teup. amditio strength Strength mr dul•m Strain('c) ayL (ma) auL 01va) EL (GWa) (%)

-56 As Received 557 645 86.2* 2.4
343"C x 2 hrs 566 669 86.2* 1.6

20 As Peceived 452 472 76.8 12.1
343"C x 2 hrs 516 551 82.6 3.9
3436C x 24hrs 476 .553 83.8 4.5

150 As Received 340 373 - 3.4
3430C x 2 hrs 410 421 - 1.8

204 As Received 315 328 70 Z5
343"C x 2 hrs 356 356 79 =3-4

250 As Received 266 281 66 25-6
343"C x 2 hrs 295 295 74 :4-5

* - Estiuated from 8009/U25 laminate stroke/strain data at -56 and
200C.
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'JNUE X.

T¶msile Properties of 8oo9/U25 Laminates

Yield Ultimate Elastic Secondary Strain to
Test Teup. Strength Strength Madulus MNO&lus Failure
('C) ayL (Ma) auL (m) EL (GPa) E'L (Gpa) (%)

-56 467 599 66,5* -1•2 1.7

20 364 584 64.3 8.2 3.4

150 362 536 - -2

204 312 493 -- 2-2.5

250 246 405 =2-2.5

20"C (Theoretical)

MaX ares 346 935 64.3 12.0 3.4

No ares 401 935 64.3 12.0 3.4

20"C: Ptst-Stretchiing

Initial 358 - 63.6 7.4 -

Stretched 490 567 66.8 6.9 2.1
(e-l.41%)

* - Estimated from stroke/strain data at 200C.
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'&EL XI.

3-Point Bend Results.

Max. load
SPecimn Eviroment, (lbs)

B-i As Processed 76
B-2 As Processed 56
B-3 As Processed 56
B-4 As Processed 91

B-5 100% Methanol, 1 wee 56
B-6 100% Methanol, 1 week 61

B-7 100% MEK, 1 week 50
B-8 100% MEK, 1 week 49

B-9 100% JP-5, 1 week 82
B-10 100% JP-5, 1 week 68

B-11 100% Paint Stripper, 1 wwek 47
B-12 100% Paint Stripper, 1 week 56

B-13 Salt Fog + SO2  80
B-13 Salt Fog + SO2  55
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m =I.

Fiber Stress as a Ftuntim of Ielaminatim Length
in 8009/U25 Tensile Specimens q= Almimilm Layer Failure

Al - ,. r (,Y ,,) (,/E' /E,. 1
(lV 2 /E1) + 12 /E 2

1o , 11 + 12

Al
10 = OyL/EL + (OuirayI)E'L

v=36 a E= 64.3 GPa = 88..9 Ma Al =3.46 mu
"; 584 ETL =8.2Ma -- 0.135

l=106.8 m 0 1  V = Oi•f

Stress in Stress in
Delaminated Urdelaminated BridgiM Fibers Intact Segt.
Length, 12 (M) Length, 11 (mu) 02 (MPa) 01 (M'a)

0 106.8 4332 584
0.1 106.7 4324 583
1 105.8 4262 575
2 104.8 4197 567
5 101.8 4029 544

10 96.8 3815 515
20 86.8 3530 477
50 56.8 3134 423

100 6.8 2898 391
106.8 0 2880 -

heoretical Strength of Fibers = 4585 MPa
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Tensile Fracture Energies

Tmet
Tomp. Naterial/ Fracture Frgy Frac. Energy per
(.C) Ca=ditin (&N) Unit Are (iý )

-56 8009 As Received 3.96 1.17
343C x 2 hrs 1.33 0.39

8009/U25 15.44 0.80

20 8009 As Received 6.20 1.89
343"C x 2 hrs 3.23 0.99
343"C x 24hrs .3.04 0.93

U-25 Actual (poorly 8.12 1.72
gripped)

T1heoretical 45.13 9.55

8009/U25 As Processed 32.19 1.51

Stretd (Net) 26.90 1.30
Streted (Ttal) 36.86 1.78

150 8009 As Received 4.12 1.25
343°C x 2 hrs 1.79 0.55

8009/U25 15.98 0.98

204 8009 As Received 6.18 1.88
343°C x 2 hrs 3.88 1.18

8009/U25 25.02 1.51

250 8009 As Received 4.26 1.29
343°C x 2 hrs 4.15 1.26

8009/U25 31.13 1.48
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True Stress Rang and Mean stress in Aluminumn durl Fatigue,
arid Associated Fatigue Parameters

True Stress in Aizlumium aA1 (M)

Ndminial Stress aL (Ma No !asidual Stress NBX. Resid. Strewss

aL(=a/JIin) 'in OAmelr% OAl Omean

276 / 27.6 151.8 354/35.4 194.9 425/106.4 265.7
241 / 24.1 132.7 310/31.0 170.6 381/102.0 241.5
207 / 20.7 113.8 266/26.6 146.2 337/97.6 217.3
172 / 17.2 94.8 222/22.2 121.8 293/93.2 192.9
138 / 13.8 75.8 177/17.7 97.5 248/88.7 168.4
103 / 10.3 56.9 133/13.3 73.1 204/84.3 144.1

Based an True Stress in Alinum ax1
Bsed•c an

Nominal Stress aL (MPa) No Residual Stress Max. Resid. Stress

aL(mx) Aa R ratio • R ratio Aa R ratio

276 248.2 0.1 319.0 0.1 319.0 0.250
241 217.2 0.1 279.1 0.1 279.1 0.268
207 186.2 0.1 239.2 0.1 239.2 0.290
172 155.1 0.1 199.4 0.1 199.4 0.319
138 124.1 0.1 159.5 0.1 159.5 0.357
103 93.1 0.1 119.6 0.1 119.6 0.413
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Residual Strenth of Fatigued Laminate Specimens

)Ndinal Al (un) De3 -m. Lenjth 1 (nu)
Fatigue Residual
stress Strength First Fil First Fia I
______ (N) FilureII ilure Failure Failure jAvg.

276/27.6 3905 1.03 3.12 20.1 60.7 40.4
2908 0.99 3.05 19.0 59.2 39.1

471 1.38 2.31 26.8 44.7 35.8
0 - - - -

(38.4)

241/24.1 3471 0.86 2.74 16.7 53.4 35.0
1146 0.97 1.78 18.8 34.6 26.7

(30.9)

207/20.7 3873 1.77 3.00 34.3 58.2 46.2
2817 0.85 2.54 16.5 49.3 32.9
2314 1.10 1.68 21.3 32.5 26.9
2286 1.10 2.82 21.3 54.6 38.0
1202 1.07 1.89 20.8 36.7 28.8
1137 1.51 2.08 29.2 40.4 34.8

(34.6)

172/17.2 736 1.09 1.53 21.2 29.5 25.4
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True Stresse and Fatigue Parameters in Alumiiun durirg Fatigue
in Post-Stretdchd :aminate Specinens

True Stress in Aluni•.• OA" (!,a)

Post-Stretcded
Ncminal Stress aL (Ma) No Residual Stress ares = -29 M•a

aL(=W n) im a ~l aman a 0l amean

276 / 27.6 151.8 354/35.4 194.9 325/6.4 165.7
241 / 24.1 132.7 310/31.0 "170.6 281/2.0 141.5
207 / 20.7 113.8 266/26.6 146.2 237/-2.4 117.3
172 / 17.2 94.8 222/22.2 121.8 193/-6.8 92.9
138 / 13.8 75.8 177/17.7 97.5 148/-n1.3 68.4
103 / 10.3 56.9 133/13.3 73.1 104/-15.7 44.1

Based an True Stress in Alumimi oA1

Based an P:st-Stretched
Nominal Stress aL (MPa) No Residual Stress =resA= -29 MPa

oL(nax) Ao R ratio AO R ratio AG R ratio

276 248.2 0.1 319.0 0.1 319.0 0.020
241 217.2 0.1 279.1 0.1 279.1 0.007
207 186.2 0.1 239.2 0.1 239.2 -0.010
172 155.1 0.1 199.4 0.1 199.4 -0.035
138 124.1 0.1 159.5 0.1 159.5 -0.076
103 93.1 0.1 119.6 0.1 119.6 -0.151
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7075-TB Sheet

(0.3 mm)
Aramid/Epoxy

Figu•.re 1. "•pl• c !.'." o2 : "- nate. [24]
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1400 Yiel Strength 1225 140

1200 - UTS -2
$ modulus 10Mt 1000 0

r 100 d

800- 72 8200
as U

M 00 60
60 46.................4...

a 400 40 P

200 20

2024-T3 GLARE 1* ARALL-4

Material
*-Poet-Stretched 0.8%

Figure 2. Tensile Properties of APAIL arxd Glare Laminates
vs. 2024 Aluminum. (NWC)
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1.6I I I 40

300 a Fiber
1.4 450 direction_ ~ ~450 T_0•/ -3

1.2 30

* 1.0 25

C a-7
. 0.8 20c

, 0.6 15 U

2024-T3
0.4 sheet (0.05 in.) - 10150

0.2 - 5
ARALL®-I 8= 00

0 20 40 60 80 100 120
Number of simulated flights (thousands)

(Dash 8 lower wing spectrum)

Figure 3. Fatigue Prqperties of 2l Lm "tes
vs. 2024 Alu'iLim.
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S.. .. • .. • . . . . . . . . . . . . . . . . . . . . . - -. -- "
.......... °oo.o.o........ .................

Figure 4. Fokkcer F-27 Wing Panels madee from APAIL. (9)
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jpF= FAs

deformation

Figure 5. Atanically Pbugh Surfaces:
Shall Cm*ntact Area, wiLth 1y1sctiaicaJ. Interlo&cr nSi.(3

Figue 6. Atmuically Smoioth Surfaces: Large oritact Area. (53)
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Polymer Melt.

Polymer' melt

Full bmtact 
Voids from trap€ air

a b

Figure 7. Wetting of Surfaces by a VC c Polymer:
(a) Atomically Smooth Surface. L• J

(b) Atomically Rough Surface.

140

120

S 100
T
R
E 80
S

k

40

20

0 0.5 1 1.5 2 2.5 3

STRAIN (%)

Figure 8. Stress-Strain Diagram for ARALL-4. (NAWC)
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Figure 1 Fatigue Crack Growth Behavior, ARALL 1
Laminate v& 7075-T6 Auminum Sheet
do/dN vs. K Behavior

10-3 I I I I

Ted Direction: 0
0 7075-T6 Shee 0.05-in. Thick ,

10- ARALL 1 LaminMe, No Stretch
6 ARALL 1 Lamnamte 0.5% Shec

T8 wwnvema (900)
Wi Test Direction:

li10's -0 ARALL 1.0.5% -Stech

Of0C104 O 0

00
2°

104 i I I I I

1 2 4 6 8 10 20 40
STRESS INTENSITY FACTOR RANGE, AIK (la flu)

Figure 11. Fatigue Crack Growth Behavior of ARALL. [64)

149



NAWCADWAR-93079-60

(a)

)W am at&
(b)

zcne

Figure 12. Delamination in Lm.inates During Fatigue:
(a) Strorg Interlami.,r BornL.
(b) Weak Interlaminar Bind.
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-debonding

r -- - -s- i--

resin
crack -

Figure 13. Fiber Failure in a Laminate due to Excessive Bond Strength.
(Adapted from Ref. 3)

Figure 14. The Crack Divider Principle. [66]
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ýOt (a)

OA ;- - t (b)

Figure 15. Cyclic Stress-Strain Response:
(a) Perfectly Elastic Material.

(b) Viscoelastic Material.

Figure 16. Fatigue Specinens Used for S-N Testing of 8009 Aluminum and

8009/UJ25 Laminates.
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(a)

(b)

Figure 17. SEK1 Images of 2024 Surface Treatments.

(a) Untreated (UT)
(b) Dry Alumiina Grit Blasted (DA.)
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(c)

(d)

Figure 17 (continued). SEK4 Images of 2024 Surface Treatments.

(c) Wet Alumina Grit Blasted (WA)

(d) Glass Bead Blasted (GB)
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ii ATOW

(e)

Figure 17 (continued). SEK Images of 2024 Surface Treatments.

(e) Scotch-Brite Abraded (SB)
(f) Phosphoric Acid Anodized (PA)
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Figure 17 (continued). SEM Images of 2024 Surface Treatments.

(g) Chromic Acid Anodized (CA)
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(a)

(b)

Figure 18. SEMI Images of 8009 Surface Treatments.

(a) Untreated (uVr)
(b) Dry Alumina Grit Blasted (DA)
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(d)

Figure 18 (continued). SEN Images of 8009 Surface Treatments.

(c) Wet Alumina Grit Blasted (WA)
(d) Glass Bead Blasted (GB)
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(e)

(f)

Figure 18 (continued). SEt Images of 8009 Surface Treatments.

(e) Scotch-Brite Abraded (SB)
(f) Phosphoric Acid Anodized (PA)
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Figure 18 (continued). SEM Images of 8009 Surface Treatments.

(g) Dry Alumina + Phosphoric (DAPA)
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Figure 19. APPearance of a Cured 8009/1U25 Laminate Panel (3/2 ply).

Figure 20. Optical Cross-Section of an 8009/U25 Laminate

(3/2 ply,Fiber Direction).
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Figure 21. Appearance of a oared U-25 Cumposite Panel (5-ply X 0°)

Figure 22. Optical Cross-Section of a U-25 Cmposite

(5-ply X 0-, Fiber Direction).
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16

S 13.86
h 14 12.86
e 12.27
a 12
r

S 10-'
t 8.23
r 8o I

n I 5.98 5.62 6.86
g 6,tI
h 4

P 2 1.66a

UT DA WA GB SB CA PA DAPA
Surface Treatment

Figure 23. Effects of Surface Treatment on Shear Strength
(Dry Condition).

16- - _
S

h 14-] 13.45
e
a 12 -
r 10.43 '

9.86S 106

t
r 8-•
e
n 6.21g 6-1
h 4 3.87

M 2.44 2.31
P 2a

0-
UT DA WA GB SB CA PA DAPA

Surface Treatment
Figure 24. Effects of Surface Treatment on Shear Strength

(Wet Condition)
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.4 . 1..

A is

~13 CA ~c

Figure 25. Macroscopic Photographs of 2024/U25 Shear Failures.
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(a)

(b)

Figure 26. SEM Images of 2024/U25 Shear Failures.

(a) Dry Alumina Blasted (DA~)
(b) C2uromic Acid Anodized (CA)
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(c)

40

(d)

Figure 26. SEM4 Inages of 2024/U25 Shear Failures.

(c) Phosphoric Acid Anodized (PA)
(d) Dry Alumina + Phosphoric (DAPA)
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(a)

(b)

Figure 27. APAIL,-4 Shear Failures.

(a) Macroscopic
(b) SBE4 Image
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40-

h38- 33.88
0

r30-

S 25 24.35
t
0r 20 1.4 18.54
n
g 15- 12.86
t
h 10

U-25,CA PEEKCA PEEKCP LACei IC 7ARALL-4-

CA e Chromic Acid Anodized.
CP - Anodized + 3R36-Primod.

Figure 28. Shear Stxrength of Various Laminates.
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~Clad Surface Failure M BareSurface Failure

P 500- 451 460*
0 426
0

I400- 371
S
t28
r 300 28

n20419
200- 76

50
h 117

100

m

UT DA WýA GB SB CA PA CP

ApoiaeSurface Treatment (a)

Approximateur ar Srfc Filr

P 500-
e

1 400-
S348 34 7

t
r 300- 276 267

20 198

100-

49 51
m
m 0--

UT DA WA GB SB CA PA CP
Surface Treatment (b)

Figure 29. Peel Strength of 2024/U25 Laminates (Incorrectly Processed).
(a) Clad vs. Bar 2024, Dry Cbridition.
(b) Clad vs. Bare 2024, Wet Condition.
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EJ Dry Condition Wot Condition

*451 460'
426

I400- 371

1 4 8 

4

r 300 28776 67

200 0 96199
100 - 117... .. .

.. 0......-..
UT. DA.. WA...B CA.Surfac Treatment

600

300-20266. 272. ..240... .. 226 12.

m ..

U T( UTDA WA as Cs C A CID
Sur face Treatment

Figure 31. Wfectvs. ofSrfaeyeain Peel Strength of 22/2 aiae

202/U2 LaInaco (rrectly Processed, Dryd 2024). c
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f C.P.t. Dry Ruined. Dry Ruined. Wet

* oo 4610 426

1 400 30

s 48

r300,6 27 76

200

h 06117
100

40

UT(D) DA WB esSB (a)
Surface Treatment

*-Correctly Proceesed

IC] Correctly Processed Ruined, Dry Ruined. Wet

p 600'

6 000
600 4610

426
400- 363 371t348 347

r
* 300 203.26

..... 240

I200 10

mT 0
UT(D) CA PA CID (b

Surface Treatment
*- Estimated

Figure 32. Effects of Moisture andi Processing On Peel Strength Of
2024/U25 laminates (Clad 2024)

(a) Mechianical Surface Treatments
(b) Chemical Surface Treaftmets
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1..

A4 .

(a)

(b)

Figure 34. SB)! Images of 2024/U25 Peel Failures
(Correctly Processed).

(a) Ur (b) DA
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Figure 34 (c). SEK Images of 2024/U25 PA Peel Failures
(Correctly Processed).
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(d)

(e)

Figure 35. SEM Images of MARAL4 anid Glare

Peel Failures (Correctly Processed).

(d) ARAID-4 (e) Glare
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4001

312 M wet
I300-

S248 263

r19
* 200 197n
g
t
h (Not Tested)

g 100-

/
m

0-

UT DA PA DAPA

Surface Treatment

Figure 36. Peel Strength of 8009/U25 Laminates.

500II .~~
P 50 2024 (Clad)

* 400 - 2024 (Bare) 383I ',i • 8009

tS 312
t 300-
r 268 263• 248
n 226

22. ...

n
200 172

h 135

100 91

0-
UT DA PA

Surface Treatment

Figure 37. Peel Strength of 8009/U25 vs. 2024/U25 Laminates.
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(a)

41,

#jj

(b)

Figure 38. SFE4 Inages of 8009/U25 Peel Failures.

(a) Ur (b) DA

177



NAWCADWAR-93079-60

Figure 38(c). SEM Images of 8009/U25 Peel Failures. (PA)
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700- 14

600- -12

M 500 -10 0 Yied str. (UPa)

a400 8 N MouTS (eP.)0
r m -4-- Mlodulus (SP)300 6a
a q Enongyto (NNIqM)
P -4'-Eegy(ms~m
a 200- 4

m

100 -2

0- I I1111 I till"1 0

1 10 100
343 C Exposure Time, hr..

FiLgure 39. Tensile Properties of 8009 Aluminuim as a FRzxtion Of 3430C
AnnealiM TimD.

90~

701

50 -4

30~

Strain (irv/inw)

0 0.01 0.02 0.03 0.04

Figure 40. Stress-Strain Diagram for 8009/U25 Laminates.
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300
T 261.1
h
o 2502u 227.8
U

a 200 194.9
n !171.6 173.2

a 150t 145.8

o 117.4
f

C 100
y
CI 50-

0-

UT DA WA GB SB CA PA
Surface Treatment

Figu• e 41. Effects of Surface Treatllnt ci the Fatigue Life of 2024.
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G00
X 2024-TO

400 x ARALL-4
S " 800 (UT)
t
r 300
0

M 200-P A.

a
100

0 I
4 5 6 7 8

log (Cycles)

Figure 42. S/N curves for 2024 and 8009 Aluminum.
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X 2024-T3
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Figure 43. S/N OCrves for 8009/U25 Laminates and 8009 Aluminum.
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Sample 2024-1 Dates 16-Jul-2 Times 9, 45.54
Sizes 14.55XIL.7SX1.015 l DMA Files 2024-1.01 ONA02-01
Rates 10 0EG/MIN Operatcar JC
Prgrams OKA Modulus IL Daping V2. 0 Plotted. 16-Jul-92 14.37.57

0. One Amp. 0.L2 0.L2 14

0.24 12

00. I. I 1

*40 n* 4 0

0.04-2

004O 440 -

Tqertu.re M DuPont 10C0

Figure 44. M[A Plot for 2024 Aluminum.

Sample 809 NL-I Dot. 21-Jul-42 Time 9,54s43
Sizes 8.41X1l245XL.33 M DMA Filme 8009-1.01 NMA92-02
Rate. 10 DEG/MIN Oper€ator, JC
F% opra DNA Modulus 9 Damping V2. 0 Plotted. 21-Jul-02 IOs 45. 10

Om Ap a 0.20 0.2. 14

, 14, L0.24 12

m 0L W 10

£ 01

S8G. 10. 1268

go. O.O, 4

0. 04 2

200
0 0 0 WO10 0 240 290 320 o6 400 440

Tempeavture C-0 DuPont 1090

Figure 45. DMl Plot for 8009 Alumnum.
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Samples ARALL L-3 Data 1-Jul-92 Times 9, 25as0
Size. l.5xU12..14X.34 DMA Films ARALL-M,.. DMA9o-02
Rates 10 DEGC/IN DMA Operato. JC
Program D3NA Nodul. IL Damping V2.0 Plottfed 1-Jul-92 12,51,07

O6c Amp 0 .(2 0.2W" 14

0. 24. 12

IO- 0.2- 10

I-0

0.4

20 0 S SO 20 12 14 18 GO 200 220 0
Temperature (C) OuPont 1090

Figure 46. UM Plct for AIZr-4 amB.inte.
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Sample& OUIS 1-l9=45 Data' 1-Jul-02 Times 15, 1& 47
S 10m 6.OEGIN.6O4 DMA Film. t2~5-MDl ONA92-02

sae 0OEINA MdlsaosigV operator'. JC
P,-aram ON Noulum£ Dmpig V. 0Platt"d 1-Jul-02 15a 54a 14

140. Oc Amp 0. 20 0.2 - 1

51 0.2+-12

0-20 10

i -\ %%s

0.0 2

0 0 8 20 10 20 240 280 320 380 400 440
Tempar~ature (C) DuPant 1090

Figure 47. M 1 Plot for U-25 C~mqosite (Dry Cordition) .

Samples U-25 L-4 Datei 22-Jul-092 Times 9.20.23
SiZgm& 54OX12.BDXO.053 IIDM File, U25-L4.01 ONAU2-02
Ratev 10 DEC/HIN OpAerators2 JC
IN gu.i aw NA Modulusn Damping VI. Plotted, 22-Jul-01 10. 17*23

14I. O- AmP 0'.2D00. 2-14

0.24- 12

0.2 10

81 .50.1% 6

0.12a

,10.04 2

00
0 0 80 20 10 200 240 ;;-30 960- 400 440

Temer~aturs CC) DuPont 1090

FigUre- 48. UA Plot for U-25 Ccqposite (Wet Qrndit~ion).
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Smpls L25-T3 Dote G-Jul-92 Times 9s00s21
Sizes 6. OXM1.SIXO.5 N 0DM A Files U25-TS. 02 OWA92-02
Rates 10 CEG/MIN Operator$ JC
Program DNA Modulue I Dmping V2. 0 Plotted, 5-Jul-92 9 51s 48

14I C a.. AV. 0.20 0.23 14I'

(L 024, 12./ & 0
.ia ii.

4 0 O0 10 I• 20 20 
8 20L 

0 
44

I 

.. 0J12 
6

20 IL 004 2

0 I -- --- ~ -~ -. - - -0
0 40 SO 120160 200 240 290 320 380 400 440

Tempertatre em DuPont 1000

Figure 49. EM Plot for U-25 Qmposite (Tr -vee Direction, Dry).
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Samples W09/U25 L-3 Dates 25-Jun.-2 Timm 7& 42v 51
Sizes U.7XlI.SUXD.US1 DMAm OA3115-L3.02 DNA92-O2
Rates 10 DE,/MIN Opm-atr-u JC
Proams DNA Modulum 9 Oamping V2. 0 Plotted, 1-Jul-092 12,44.55

140- Owel. A .a 0-n 1.- 14

L 2- 12

11 a.. .10

0.1 ita

21 \\ . -

20- 0.04 2

Tmp-atu uPont lwoO

Figure 50. EM Plot for 8009/U25 Laminate
(Lcnqit~~nal Direction, Dry).

Samples 8009/U25 T-1 Date 25-Junw-92 Times 9s48&28
Sizes 6.l1Xe.x. 0.97 4 DMA Film. dU125-T1.02 0MA92-02
Rate 10 DEEG/MIN DOperors•- JC
Programs DMA Modulum, Dampl"i V2. 0 Plotted. 1-Jul-02 12. 38 .44

10W Amps 0.200. W 14

IOD - 0.2412

go. I&
80"I 0. 120

40 .0.1 0&

% % 0.04- 2

0 40 80 120 150 200 240 290 an0 380 4 ' 440

Temperature C.C) DuPont 1090

Figure 51. MIA Plot for 8009/U25 Laminate
(Tansverse Directicn, Dry).
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IgO Ib. FS

7: --. -1 . - .- -

Figure 52. Typical 3-moint Bend Qirves for
8009/UJ25 Laminates.
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Figure 53. Tensile Properties of 8009 Aluminum.

(a) Yield and Ultimate Strength.
(b) Modulus and Elongation.
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Figure 54. Tenile Prtperties of 8009/U25 tmaimntes
vs. 8009 Alumirmw.
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Figure 55. Stress in Crack-Bridgir, Fibers as a Furction of
Delamin lengerth, Imediately after Failure

of the Alunintum layers.
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Figure 56. Pesidual Stress in 8009/E125 Laminate vs. Tenperature.
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Figure 57. Load-Displaceant Ourve for -56"C Tensile Failure
of 8009/U25 laminate.
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Figure 58. Stress-Strain OCuve for Post-Stretd and
se n Tesile Testing of 8009/U25 laminate.
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Figure 59. Tensile Fracture Emezgiesrvs. Test Teuperature.
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Figure 60. ?4axium Cyclic Strews In Alumin= Layers:
8009/U25 Laminate vs. 8009 Aluminm=.
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Figure 61. Mean Cyclic Stress in Aluminum layers:

8009/U25 Laminate vs. 8009 Aluminum.
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Figure 62. Stress Pamne and R Ratio in Aluminum layers:
8009/U25 laminate vs. 8009 Aluminum.
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Figure 63. S/N Curves for 8009/U25 Laminate, Corrected for

True Stress in the Aluinnm layers.
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Figure 64. Exqaxle Curves for Residual Stress after Fatigue.

500 -

400- oia

s - True (no RS)
t 300 - - True (max RS)
r

*200-

M
P 100
a

0

0 60 100 160 200 250 300
Nominal Stress MPa

Figure 65. Effects of Post-Stretchiriz on the Maximmim Cyclic

Stress in the Aluminumir layers.
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Figure 66. Effects of Post-Stretching Cn the Mean Cyclic
Stress in the Aluminum layers
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Figure 67. Effects of Post-Stretching on the Stress Range
and R Ratio in the Aluminum layers
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Figure 68. Effects of Plst-Stretctdi on Fatigue Life:
8009/U25 Lamintes
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M~.Z: SOO9/MS5 Laminates - P~si,&z1 stzess.

A) in alminui Layers:

EMe.A A Ef Vf EL MM+ EfVf

EMVM + EfVf Ae = AT (aA1 + af)

a resMA AT (aGM - O~f) (EAEfVf)/EL AT = T - 20*C
= Ao-C - 20-C
= 220*C

"* EL = 64.2 G~
"* EMa = 82.6 GPa

A Ef = 88.9 GPa
#1 f = ,- A)E

a = 22.5 X10 VOC
(Ae =0.0046) af = 1.6 no ,rC

areS.AM = 220 (22.5-1.6)X10-6 (82.6XS8.9x0.135)/64.2 GWa

Fares.A = 71.0 M~a (tensile)

D) In Fibers:

Ef EMV EL =EMV + EfVf
Olres.f =-e -A lAII

EMVMl+ EfVf Ae =AT (aM+ af)

=> res.f =-AT (aGM - af (EfEAMVM)/EL AT = 220-C
EL=64.2 GPa

*EM, = 82.6 GPa
Ef = 88.9 G~a

# VMl =ý 0.q2
aAL= 22.5 NIQ%/C
af 1.6 no 6//C

ar'esf =-220 (22.5-1.6)X1076 (88.Mx2.6x0.632)/64.2 GPa

I 0rs~f= -332.5 M~ (Compressive)

B ased c.epeiena measuremnts._
# B ased cn a rnaunal laminate thickness of 1. 47 am (0. 058 in) .
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F ]a: 8009/U25 Laminates - Yield strength.

A) )SSiing MaxiPA R•Meual Stress:

ayL == (ayAI - ares.Al) VAI + o*fVf (o*f = of-Oresf)

a*f/Ef = (aAl-ares.Al)/EAl (e in all layers
is assmd eqjal)

Sc*f = (Al-rOres.A1) Ef/EAl

ayL = (OyAl - res.Al) VAI + (ayAl - ares.Al) Vf (Ef/EAI)
--> ayL = (c!X1 - aes.) (VM + Vf(E•/ )]

a OA, = 516 Ma
;Y-'.A = 71 MPa

,#VAI=0.632
*f ;A1= 0.135

* EA= 82.6 GPa
(a*f = 478.9 MPa) Ef = 88.9 GPa

c'yL= (516 - 71) (0.632 + 0.135 (88.9/82.6)]

345.9 M

B) ssianho asRsidmal stress:

oy= (ao - re.) (VM + Vf(Ef/E)
a . A, = 16 Ma

# Vl-r. 632
* Vf = 0.135

*E = 82.6 GPa
(*f = 555.4 MMa) E = 88.9 GPa

yL= (516 - 0) [0.632 + 0.135 (88.9/82.6)]

! yL =401.1M~a

* = Based on experimental u sats.
# = Based on a ncninal laminate thickness of 1.47 =n (0.058 in).
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.uzzzz M 8/09A2S Iinizates - Ultimate Strength.

A) Acounmting for Residual stress:

au- = (%l - er..l) vA + (%au-aro.f) Vf

* auA1 ; 50(4%
ars = 71 M~a

# v• 0. 632

a = 4585 M1a
a =-332.5 Ma*# 135

auL = (500 - 71)X0.632 + (4585 + 332.5)xO.135

B) Neglecting Resdual Strews:

auL= GauA1 Vl" + auf Vf * - 50]MPa
# Val = 0.632

Our = 4585 M
*#Vj = 0.135

uL = (500 x 0.632) + (4585 x 0.135)

=,auL=935. ~

* = Based an e8Veriital Imlasruents.
#= Based an a rmuinal laminate thickness of 1.47 mm (0.058 in).
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SIPFN)D IV(AU: 8oo9/U25 Lminates - Tensile Elogation Just Prior to
Failure of the Aluimn lWOaers.

*1'

E, E',
&1 = 6, a

C = celastic + Eplastic 1,1.
6L + (auL-ayL)/E 4,

Figure Al. Strain
Distribution Prior
to Al Failure.

I = Effective specimen length

E' 0I =t amne in specimen length

c = strainSi~=vL= aminate yield strengt
%L= Laminate UTS

E = Laminate Elastic modulus
4 * SeonL=iary mxiuius above

"the aluminm yield point
Figure A2. Laminate Stress-

Strain Qirve.

1 = 10 [°yI/EL+ (%L-oYl)/E'L]

S= Based on experimental - and a xcina1 laminate
thicdness of 1.47 im (0.058 in).
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APMM IVtB): 8009/(725 Lmnates - Tensile Elongation and Stress in
the Fibers Briding the Crackd A11uiina nmmdiattely
Ater Failure of the Alunimn Layers.

Al = £111 + 6212 i + 12 = 1

el = ayL/E1 + (aur-yi)/E'j - (ouL-cl)/E1

eI = (ayL+ol-auI)/El + (% 7-ayI)/E' 1

62 = 02/E2

Ai = 11 [ (ayL+l-auL)/El + (uL-OyL)/E'1 ] + 12 (c72/E 2 )

1 = Effective specimen length
11 = Effective specimen length

away from delam. zorn
12 = Length of the delaminated

t zone
S.al = Cbran in specimen length

11/2 T >Elf EN, I~ Elf ,e = Strain in tre axunae
4L / part of the specimen

12 E2, a2  £2 = Strain in fibers in the
E21 '72deiaminated zone

11/21 * = L a
a, = stress reann in the

4, rndelaminated part
a2 = stress in fibers in the

delaminated zone* EEjE -- ',
Figure A3. Strain Distributin * 1
after Alunimm layer Failure. E1 = F&br Elastic modulus

l I~ [ (clar-ay) (l/ - -1/El) + (a1/E2) ] +O3
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